TILTED MAGNETIC RECORDING MEDIA FIELD OF INVENTION [0001]
This invention relates to magnetic recording media, and in particular
relates to tilted magnetic recording media. BACKGROUND OF THE
INVENTION [0002] All publications disclosed herein, below are
incorporated by reference, as if M%{ set forth herein&JOOOB] There are

many different TP MRS &S &E&Q&QH&% &i948 in modern

computing. One of the prevailing forms of data recording is magnetic data
recording due to its large storage capacity and re-usable recording

megjg Yrerefig\aigrrefrding may be implemented utilizing different

types of magnetic recording media, including tapes, hard disks, floppy
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increase the areal data recording density in magnetic data recording to

tilte&%ﬁt&iﬁq’@@&jéﬁr&g[%ﬂone method for increasing the areal density of
' [

the magnetic media, especially for hard disc storage, is to use
perpendicular recording media, which have been found to be superior to
conventional longitudinal media in achieving very high bit density. In

per@ﬁ%l@b@ﬁ@@ﬁﬂhﬁ {NRAHRA-tasyagnetic flux entering the media

is substantially normal to the recording surface rather than along the
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major tactor that limits improvement in areal density of magnetic recording
set firtISHERRaramagnetism. Superparamagnetism comes from thermal
excitations perturbing the magnetization of ferromagnetic particles

[000M] &Sk aRd HRRgiRer dRe BRaNs#akoata storage technology used in modern
computing. One of the prevailing forms of data recording is magnetic data recording due
to its large storage capacity and re-usable recording media. Magnetic data recording may
be implemented utilizing different types of magnetic recording media, including tapes,
hard disks, floppy disks, etc. Over the years, significant developments have been made to
increase the areal data recording density in magnetic data recording to raise its capacity.
[0004] One method for increasing the areal density of the magnetic media, especially for
hard disc storage, is to use perpendicular recording media, which have been found to be
superior to conventional longitudinal media in achieving very high bit density. In
perpendicular recording, the direction the magnetic flux entering the media is substantially
normal to the recording surface rather than along the recording surface as in conventional
longitudinal recording.

[0005] A major factor that limits improvement in areal density of magnetic recording is
superparamagnetism. Superparamagnetism comes from thermal excitations perturbing the

magnetization of ferromagnetic particles (grains) and rendering the magnetization



1 unstable. As the ferromagnetic grain size is reduced for high areal

density recording, superparamagnetic instabilities become more of an

issue. The superparamagnetic effect is most evident when the grain

volume V is sufficiently small such that the inequality K" V/KkBT > 60

(thermally stable for 10 years) can no longer be maintained. K. is the
unstghlty e RN EHC SRIPY 187 &7 (5HER Y S AR SeRldensi tk Eerording,

Boltzmann's constant, and T is the absolute temperature in Kelvin. When |
SUPEfiRRl FAGNAHE S 161 EARRRRAP R SRRISI O AR 5 Bre B FRAgRGNARIECt Is

rains and the stored data bits will be unstable. Therefore, as the grain
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reached for a given material K. and temperature T such that stable data
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material with high magnetic crystalline anisotropy K. to gvercome the
MagREile FREHAMAG ABIROLAREENA CGas I PTHBRRa IRk 5ROSEBRYPKS GAfstant,
also increase the switching. field, HO, which js required to reverse the
and | isdhe RbsabitedrmPaE RN &ahdR Yihed HE%AF%@%&'%& BOLFaNsHEAdgrmal
the material, Obvio_us!z, Ho cannot exceed the write field capability of the
energy AR Rz, A RANVAEHAL BER RS ARGIADE S EsLER!E B koW Iighe unstable.
rpendicular recqrding, [0007] Qne methaod that allows the use of high K.
el g LR 8 R e ETBE R LG TIG APl
. _Is to tilt the easy axis of the recording material with respect to the surface
5 (oAb LSRG foe T RN A SIS AP R S8 RBROE = o
Iong{egzg%:s?ti ation angle with respect to the medium surface normal may

fa required switching field Ho that is approximately half the

isqtropy field of the . . L . .
[OOO%TIﬁCis c8|¥celﬁlgb?e to use a recording material with high magnetic crystalline

anisotropy K, to overcome the superparamagnetic effect. However, an increase in the
anisotropy K, will also increase the switching field, Ho, which is required to reverse the
magnetization direction and is about twice as large as the coercivity Hc of the material.
Obviously, Hy cannot exceed the write field capability of the recording head, which
currently is limited to about 15 kOe for perpendicular recording.

[0007] One method that allows the use of high K, recording material without an
equivalent increase in the switching field Hy is to tilt the easy axis of the recording
material with respect to the surface normal of the recording medium surface. It is found
that a 45°-tilted magnetization angle with respect to the medium surface normal may result
in a required switching field Ho that is approximately half the anisotropy field of the
media. In other words the switching field H for a recording material with a 45° tilted
magnetization angle is about half the switching field for the case of 0° tilt angle. In

addition, if aligned in the cross-track direction, a tilted magnetization angle may also help



media. In other words the switching field Ho for a recording material with a
45 tilted magnetization angle is about half the switching field for the case
of 0 tilt angle. In addition, if aligned in the cross-track direction, a tilted
magnetization angle may also help 2 increase the signal-to-noise ratio of
~ the recordin? media and recording narrow tracks by reducing track edge
InCregsRiH. ART-rBASRiIGHI9iREHE SARRAEYIMadiRandacesiive ragRy tracks by
Perpendicular Recording Media at | Tb/in 2", Kai-Zhong Gao, Neal .
reduBiBet 5K @EEWﬂ%&aéﬁ%’nsT&P%h@H@&%@%—Vb%'{‘f@(ﬁﬁ &Rgventional
"Track Edge Effects in Tilted and Conventional Perpendicular Recording”,
Perpk%‘#lﬂﬂéh@é%%ﬂ“ﬂﬂdﬁﬁﬂﬂa\ﬁalﬁpﬂféal KaheindSaaenhieat RMR® PRy Sics,
93, 7840-7842 (2003).&(3008] It has been proposed that thin-film
Trangaeiuiaon Maghelisiedth (H4-<0BaAR)sanhcd raehiqe FHERGENEe] Hitpd and

create an interlayer with a tilted preferred orientation would facilitate the
ConyrairRab P aiReRAGH KB REATdIRg e A RAMb A9y IRHRD /a8 g RIRRram,

ﬁrown on top of the interlayer maé/ take on the tilted orientation wherever
Jourak Qf ARRHER 1Y Sifsatan 400 804 908- oblique incidence approach may

cause a Iar%(]-:-eoan ular di%ﬂersion around the tilted preferred orientation. It
[000%] crmasi 9B tRBPSeL SO TRy ARROSLION & ALenRs thdesupstiale surface

angular spread around the preferred orientation. However, using a
(o0 G ARG g FAEAAR HEHENE A BE HERHCS U 4h8 oeic

. material. [00 ?}B nother drawback with using obligue incidence
fai 5 ORGRP B8 P L oL DA e R Fahgtenty

circumferential. rec rdin%tracliis, is that the tilted ma netizationhdirection :
oW PRI ALA SEHIANSC Ik B e e R L AR eto-epttaxy i

.Substrate and s%bstgptially along the cross-track directicin inan a A’acent :
avalgiﬁ (Ligwever, the obliqueinciderice approach may cause a large angular dispersion
around the tilted preferred orientation. It is conceivable that a collimator may be used to
reduce the easy-axis angular spread around the preferred orientation. However, using a
collimator will significantly reduce the deposition efficiency of the magnetic material.
[0009] Another drawback with using oblique incidence deposition over a substrate, and in
particular a circular substrate with circumferential recording tracks, is that the tilted
magnetization direction will be largely along the down-track direction in one quadrant of
the substrate and substantially along the cross-track direction in an adjacent quadrant.
Having a tilted magnetization angle that is along the down-track direction will cause
demagnetization field at transition regions, which limits the linear density. On the other

hand, having a tilted magnetization angle that is along the cross-track direction will cause

non-symmetric track profiles.



Having a tilted magnetization angle that is along the down-track direction
will cause demagnetization field at transition regions, which limits the
linear density. On the other hand, having a tilted magnetization angle that
is along the cross-track direction will cause non-symmetric track profiles.
3.[0010] Rotating the substrate during deposition may solve the
[001%:51%98%%%ﬂ&&ﬁéﬁ%?‘%&%iﬁ@%g'ﬁﬁéﬂ%é@H@ﬁE%ﬁBH'HHGfEFQIBthOb'em7
either down-track or cross-track direction. However, the other drawbacks
mak g Hifo HEECBBYRCUARTSNANYDAIP R hERW HHATE U RS Bt dHgCtion.
certain bi-crystal structure, symmetric track profile and sharp transitions
Howe\gF B ReRRRAHAWERKS R HAYESHY 8Klited Perpendicular Media
far Ultra-high-density Recording”, Guan, Lijie, Zhu, Jian-Gang, Journal of
[001A],Hiias BRI RIOPEEE Fadhy, Haing SEHRINRSRGEA! SHE GG RNSHlIEHASK

is difficult to implement. [0012] Accordingly, it would be desirable_to

ProfH aBfbH A Ry HAH BRI F P tnatta P 1AREELVHHEYE Of ditker
magnetization without the drawbacks of the prior art, suchas
PerpgRANCIAR e Hofi i g HANIRTH Ve RERERH ri3HaBy ikferfiRUraldR-Gang.
rofiles. 4 _SengMARY OF THE INVENTION [0013] The present invention
JourBket ARk eieehaek(6f e’ Brok 230 By HRNAYRgtRe Nt YRR it is
_...recordjng medium that comprises a layer of magnetic material having a
d'ﬁ'ﬁll'gtgtﬂé I80EPtaxis defined by tilted alignment of a particular crystalline

ase of the magnetic, materjal . . .
[001851 Accordlingly, ?tgwould lgg esfrable to develop a magnetic recording media that can

take advantage of tilted magnetization without the drawbacks of the prior art, such as

demagnetization field at transition regions and non-symmetric track profiles.



[0014] One aspect of the present invention is the use of a film of (101) and

(011) textured Llo phase of a tetragonal crystalline material for the

magnetic recording layer. The substantially Llo crystalline structure of the

magnetic material has high magnetic crystalline anisotropy K. that allows

for smaller data bits and thus, results in a thermally stable and high areal

der%i’tV'M@d?aﬂr@Fdei%.'H\é%Hiﬁég,'\tlol) and (011) textured films have

their crystalline c-axes and, therefore, magnetic easy axes oriented 45', or
[00L3h Jroiestal A% P theVREaH @ﬁ#ﬁ%\@%@hﬁéﬁhﬁmg S RYPERGIAg;4 tilted

angle reduces switching field (Ho) that is required to write a data bit by )
magReftararcEsH e RN GEPpERtAlRYeRidRAgRE G AtepALNaving a magnetic

embodiment of the present invention, the Llo crystalline alloys suitable for

casy gt/ i M trthyttinameiamaEtenia SEYStRIPR RIRGRT Saadpaggetic

from the group consisting of Co and Fe, and a second element selected
matgtidh the group consisting of Pt and Pd, e.g., LIO crystalline FePt. [0015]
Anather aspect of the present invention is the use of a seedlayer
[0014d PR &3R5 ChdiF AR ' YRRNR A tdREVES AT @ 1O AT 1A AP APA M dexpyred
that closely match those ?_f Llo cr _sﬁalline netic materjal (e.g., FePt)

L1o e ShAIEHROPaL SRR a5 SrieHel tdheepre e FRPUAT ke The
subSFAE Bl AL SP Ak OBR O e CECHE) r MAB Aafaidene

crys s NABL7 i (DU e Ry SARNS T el i ey
s A N e TR e i
havei ?H&Pg?&tén?ng %(_eéj)lgg/ grrlé“,c’t earlgI or%f, ?ngg]]%te%r(i:a}alatshya&e%soﬁented 45° or
approximately 45°, to the medium surface normal. This 45°-tilted easy axis angle reduces
switching field (Ho) that is required to write a data bit by about half compared with
perpendicular media design. In one embodiment of the present invention, the L1,
crystalline alloys suitable for forming the tilted magnetic medium comprise a first element
selected from the group consisting of Co and Fe, and a second element selected from the
group consisting of Pt and Pd, e.g., L1, crystalline FePt.

[0015] Another aspect of the present invention is the use of a seedlayer comprising
materials with a natural texture of (110) and lattice parameters that closely match those of
L1, crystalline magnetic material (e.g., FePt) in the magnetic recording layer. The
seedlayer is supported by the substrate prior to the growth of the magnetic recording layer.
By carefully matching the lattice parameters between the seedlayer material and the

recording material, interfacial stress between the two layers will give rise to pure (101)

and (011) textured L1, crystalline film in the recording layer. In one embodiment, the



substantially B2 structure. [0016] Still another aspect of the present
invention is providing a physically or mechanically textured underlying
surface (e.g., using "scribed" lines on the substrate surface, soft
underlayer or seedlayer), to facilitate preferential formation of the
seedlayer, and subsequent growth of the magnetic material so that the
seedffied cRAYKISEE %iﬁ”@é%féﬂs”@érg%é 5‘?@&883&%%5%6@%%%%3- In another
su_bstantiallﬁl perpendicular to the recording tracks. By changing the
R e PR RLVEatoR fheseediqy et s Hadgirl &itaierahdabbdidyer
will align in the desired direction when it is formed on the surface. When
SUbsfﬁ%t@f& RBAUAtHEE magnetic material (e.g., FePt) is subsequently grown
on the seedlayer, the [1011 and [011] of the LIO crystalline FePt will
[0018hiBitARPHIERARPERE Q1tNeoRr GHPBEHYFHIAALS BERAUYRA RNEIFENIOK that
the easy axes of the L1O crystalline FePt recording layer is approximately
mecRAFREY Ehdethungsslying Bitiags (8!t tiis Retimes andes sitshate
and in a plane that is perpendicular to the recording tracks. 6 BRIEF
surfase SPRYBISER R '@ﬁﬁvﬁ%é‘@é?ﬁ?@ﬁ&%ﬁ%ﬂ%‘&@@féﬁ%ﬁ’?&d&‘yer’

the nature and advantages of the invention, as well as the Ere_ferred

and SHBRREIUH SEO R PE e BAORAHHRHFLAL 1B 1L FRREAREAGGL G rections can
e AP NS RL S A AP ISR S DR oY
RS SR AR

... accordance with pne embodjment.of the presenting invention.
will aﬁgn mtﬂe deswedodlrectlonw en 1t is formed on the stirface. When the L1,

emb

crystalline magnetic material (e.g., FePt) is subsequently grown on the seedlayer, the [101]
and [011] of the L1, crystalline FePt will epitaxially match the <110> direction of the
seedlayer. The result is that the easy axes of the L1, crystalline FePt recording layer is
approximately oriented either in +45° or —45° with respect to the medium surface normal

and in a plane that is perpendicular to the recording tracks.



[0019] FIG. 2 is a schematic side view of a perpendicular recording

system that incorporates a tilted magnetic recording medium in

accordance with one embodiment of the present invention. [0020] FIG. 3a

is a schematic diagram of a LIO phase of FePt unit cell that has its c-axis

oriented IEger endicular to the surfaca&lame. [0021] FIG. 3b is a schematic
0

dia@%’rﬁ RddObt PEPt IRiteBMAYANGS its c-axis oriented 45'

relative to the surface plane. [0022] FIG. 4 is a schematic sectional view
[0014} fisarfid aurdesiBng g Hagartie snsatviinipase GLIREJRYERHENRs well as
magnetic directions of the ma%?@tiga%zirticles with respect to the medium

the RIEFeates RS TS dREeraRerd DRl Hie Sl iR dstailed description
embodiment of the present invention. [0023] FIG. 5a is a schematic

read 48 GRBHATHAN HERJSE ATEATARALY BIGAEAYERg iy TGN 1B SHaHg dhd ke
magnetic directions in the recording layer in the absence of an external

refergieg L iReRiRdes gRBa e sHNYE BaHE EHIBRLLH AW Ecross the
tracks of the tilted recording medium jllustrating the reversal of the i

[0018)GHatit b?i%&Wﬂﬂé@ﬁ%@%@%@&f%h&f@ﬁtmpmaaﬂ%ﬁaeﬂar@nﬂve

rovided by the write head. 0‘%25] FIG. 5c is a schematic_sectional view

MagLRG LGSR RETHE fEERTBEET AL PREGMIRPLHEIIHY the M&senting

. m}%\%netic directions after the removal of the external magnetic field
INVEREAhded by the write head. [0026] FIG. 6a is a schematic view of a LIO

ase_ of FePt unit cell along.the (110) plane. :
[001851 FIG.2isa sclﬁemaﬁc gi e \9I€W of a pgrBend?cular recording system that

incorporates a tilted magnetic recording medium in accordance with one embodiment of
the present invention.

[0020] FIG. 3a is a schematic diagram of a L1, phase of FePt unit cell that has its c-axis
oriented perpendicular to the surface plane.

[0021] FIG. 3b is a schematic diagram of a L1, phase of FePt unit cell that has its c-axis
oriented 45° relative to the surface plane.

[0022] FIG. 4 is a schematic sectional view across the tracks of the tilted magnetic
recording medium showing the magnetic directions of the magnetic particles with respect
to the medium surface normal and the recording tracks in accordance with one
embodiment of the present invention.

[0023] FIG. 5a is a schematic sectional view across the tracks of the recording medium
depicting the magnetic directions in the recording layer in the absence of an external

magnetic field.



[0027] FIG. 6b is a schematic view of a LIO phase of FePt unit cell along
the (101) plane. [0028] FIG. 7 is a schematic sectional view across the
tracks of a recording media showing the interlayer morphologies used to
facilitate the growth of the recording layer with desirable tilted preferred
orientations. 8 DETAILED DESCRIPTION [0029] The present description
[0024] dr e T2t HPERYRAN CRATANPINIBY 50 HicHRASHRGTINE Whed oenttng
This_ description is made for the purpose of illustrating the general
med i dieisagn b FexREshol e dhaeng ot isertians e sitiHeeRrsel ke
scope of the invention is best determined by reference to the appended
extepal maomeiis fiehdrIoN Hed ks KR herein in reference to various
embodiments and drawings, It will be appreciated by those skilled in the
[0023} el warlafcTEemmIprHOBRMMIRY REE9sB NS dEasipRE Histilediseorting
these teachings without deviating from the scope and spirit of the .
med|HRL MG B0TEM EAIBEHA IFRAINNS R et FREO YRECH 6 pXiek3 tRaonetic
. prior art by providing tilted magnetic recording media that comprise a
field grayided Py theriiiEAd having a magnetic easy axis defined by tilted
aliqénment a particular _cg/e_stalline hase of the magnetic material. As wil

1002 R A R GBI bR e LN AIE A ) lane
10027565 S AR BB ainecb AL G R dob g Plare

edium_and p?eﬁgendicular_tot e _recording track directions @ne as&ggt
' e

d :
e pchatens e VR N
entered tet | (fct talli terial h as FeP the
ShoVF o AT A IO ST L PRI R o) U ae pERm P

... 4510 the . . .
with cFestlraH?e tilted preferred orientations.



medium surface normal. Another aspect of the invention is to provide a
novel method that facilitates obtaining a (101) or (011) LIO FePt film with
its easy axes oriented 45' with respect to the medium surface normal. Still
another aspect of the invention is to provide a novel method to facilitate
obtaining tilted magnetization angles of the Llo phase crystalline magnetic
matraR e RU%ITAQ% a plane that is perpendicular to the
recording tracks on the recording medium. A mass storage device that
[0028h bty itead dRTaAEER 1ebifRe TapESHAY CORRRBE RAITERE Sfedsning out
invention will likely achieve 9 high-density recording without having its
the ifnerfiRiag hBISARTGHRIRN LS Rt oy Bt raseRigHusation the gegeral
_transition regions_or non- symmetric track profiles, [003 1 ] By way of
PrinGiples: 2 ARV ABP R ARAERHIthRoh RSSBKERHIHHIBHU R 588 skHoerdhs Of the
. cannection with a magnetic recording disk drive system, and in particular
Invenuon iRt iEeFSE%}‘Eﬁr’i@%&ﬁ%’ﬁ()@%&&'@%-lﬂ@&e%ﬁﬂﬂﬁ?‘ has been
magnetic recording, as used herein, generally refers to having. the write
deschBdl GefRE HQJSF&‘E%%&%M LR BREH é‘itﬂéﬁ%‘@ébé’é%h‘ﬂ? appreciated

erpendicular to the direction of travel of the recording head and/or

by theothieR teBRA. TRRARIGH RS LIMBBRIMEHENF tEVRGESHBMRYEhed in view
of 1 ST AU TR SEREASAPIF Thia (L THEY aso
oo i e e M o e
medium. [0032] It is well contemplated th]at the novel maT;q)r tic.recordinﬁ; i
MagRelG;fOLY T ARt AYRHSR ?33%8 PRt IR dngra magrietic

easyrg% r(‘:l% .icrzlgc? %/Eﬁ(t:gc{ %‘?&%%tte én psan%\(]ilrag corg/g(t:"arlline phase of the magnetic
material. As will be detailed below, the recording media comprise a magnetic recording
material that has its magnetic easy axis alternating approximately either +45° or —45° with
respect to the medium surface normal of the recording medium and perpendicular to the
recording track directions. One aspect of the present invention is the use of a (101) or
(011) L1, phase of a face centered tetragonal (fct) crystalline material (such as FePt) as the
recording material due to its relatively high K, and its easy axes pointing at 45° to the
medium surface normal. Another aspect of the invention is to provide a novel method that
facilitates obtaining a (101) or (011) L1, FePt film with its easy axes oriented 45° with
respect to the medium surface normal. Still another aspect of the invention is to provide a
novel method to facilitate obtaining tilted magnetization angles of the L1, phase
crystalline magnetic materials that are defined along a plane that is perpendicular to the
recording tracks on the recording medium. A mass storage device that employs tilted

magnetic recording layer in accordance with the present invention will likely achieve



disk or substrate configurations, which may comprise in addition to
magnetic data recording, other forms of data reading, such as
magneto-optical recording system, without departing from the scope and
spirit of the present invention. While the present invention is illustrated in
. reference to a magnetic recording medium that has its magnetic direction
higheiensiy FerRiBn I ROMdRIRJ LR HER MoRanSTiZAT0B SRR SRHER A e
novel recording medium may be used in a mixed medium where the
demﬁQ&&H@F@Bﬁ@E’s%f@ﬂ?@#%é%@%Ftﬂ%”?@é?yﬁa‘mﬁtﬂfe'iﬁﬂ%pé%'Eeabstantially
different than, the tilted magnetic ang%_le used by the  present invention, . )
[003HL Ry ayRE 'UHH%%%ﬁaﬂg MRIdHBHALMY D8 fiETeatd BIBREPR YK AR HigRgribed in
perpendicular or parallel to the medium surface normal of the recording
connggtigRavitiha ArRemeRdeGaLipe didhiihee Siete ARdia PRI RN RvReTBIcular
that can utilize the novel recording medium in accordance with this .
Mag R EEACHME HRKIMG S Rl HEERS AP HAN MRAIT S YR B AR N S8 USRASHE N,
removed and the lower partion visible in this view) sized and configured
geneiRIbG FREGES o UINGBEBRSRALH  Hrarecarding mrad PRUt G ARAGRGHCIHX that is
includes a spindle motor 14 for rotating at least one magnetic storage )
substiaRatly PERRRTISHIALIRY dHRSYRBR! FEVS! AR FEGR! ﬁz;\%eeg/,rg(arﬁegrdmg
with the present invention. At least one arm 18 is contained within the
mech A SO PE SRAPIRERS AU PR ALF S5 RHASA TR e Felatence
or slider 22, and a.second.end 24 pivotally moynted on a shaft py a
10 PERERG B TR S LT HIOR PS4 A L AHTE SR R Aepsses f

for pivoting th 18 to_position th ing head 22 over a desired
e B PRt R SR AR AT WY o S SR dres

B T R I e
medium.

[0032] It is well contemplated that the novel magnetic recording medium of the present
invention may be applied to other types of magnetic data recording systems having other
disk or substrate configurations, which may comprise in addition to magnetic data
recording, other forms of data reading, such as magneto-optical recording system, without
departing from the scope and spirit of the present invention. While the present invention is
illustrated in reference to a magnetic recording medium that has its magnetic direction
tilted in relation to the medium surface normal, it is contemplated that the novel recording
medium may be used in a mixed medium where the magnetic angles of other areas of the
recording medium are substantially different than the tilted magnetic angle used by the
present invention, including the conventional magnetic angles that are either substantially

perpendicular or parallel to the medium surface normal of the recording surface.

10



[0034] FIG. 2 is a schematic side view of a perpendicular recording head
50 (which may be supported by a slider such as the slider 22 shown in
FIG. 1) and a tilted magnetic recording medium 16 having a structure in
accordance with one embodiment of the present invention. The recording
head 50 may include a writer section comprising a main write pole 52 and
[0033]rEdfin bisié BehematicEeReRsRERMY T bistedrbie 4 Y iat &) HiHize the novel
magnetization coil 55 surrounds the write pole 52 for energizing the )
recordiiSr ARG HBLH EFORCRMFLYIAp BHS YRR Pt the ‘P@MHN?g%Héaﬂ'%Ma@PUS'”Q
be constructed with a write pole 52 only and no return pole 54 or yoke 56
12 (wWHB thet BRETRAGIRHERRYPE NS BNV PIURA WPl YiEsiped and
the write pole 52. The recording head 50 alsg may.include a read head,
confiodiref SrPUAILINGALY 1 BES SRYPSRGIS RS AEE lpt JEME HESHlsk IyeArtRjudes
known in the art. The magnetic recording medium 16 is positioned .
a spings (BafoL4 ah ARG ?g!f‘ﬁr‘t‘j iPRE MRS SHYARE AR I ah GPIBRITREE fdH ted

of the arrow A. An_air-beari%%exists and separates the rec_ordin? head 50

MagRRSHR teROTHII RACTTE Y &I8 ARIPHRRSA W e BT sFRRL RVANiaN fideast one arm
. schematically represented as having a layered structure,. including a
18 ISGHRRIRS A9 U TRA L oo L CAFE A 1P QARG e S it a

rotective overcoatﬁ%ﬁgin accordance

recoBNREERAER SFIH b B SO O L U SR DR
2. B eSS Lo et G o pePton) B seene o 1
oS sabics, Mctore a1 Apose S PO o
o I5TST Shshes ot shauny oiermertate ayen o By R MRS by o
controller 30, which may be interfaced to an external controller (not shown).

[0034] FIG. 2 is a schematic side view of a perpendicular recording head 50 (which may
be supported by a slider such as the slider 22 shown in FIG. 1) and a tilted magnetic
recording medium 16 having a structure in accordance with one embodiment of the
present invention. The recording head 50 may include a writer section comprising a main
write pole 52 and a return pole 54 that are magnetically coupled by a yoke 56. The
magnetization coil 55 surrounds the write pole 52 for energizing the recording head 50.

It will be appreciated that the recording head 50 may be constructed with a write pole 52
only and no return pole 54 or yoke 56 and that the magnetization coil 55 may surround the
yoke 56 instead of the write pole 52. The recording head 50 also may include a read head,
not shown, which may be any conventional type read head as is generally known in the

art. The magnetic recording medium 16 is positioned adjacent to or under the recording
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present or provided between the layers mentioned. The reference herein
to one layer being adjacent to, above, below, on, or under another layer
does not necessarily mean immediately adjacent to, above, below, on, or
under, and does not preclude the addition of intermediate layer or layers.
Also, certain layer or layers disclosed herein may be omitted or replaced
headOi FrauglR K1 dhe B erHar:p 1358 BMAY eANGHTRERINY S¥lihanfRsRarates the
one or more of the layer structures may include a multilayered structure
recoptinmiead p9ers hnedimiB OB A saIRlk 5@RRsent materials. The layer
structures shown need not be of a continuous structure (e.g., the
[0033]afftmetdyRt Hhdy SoRprda eIt AtiaY 'Fﬁég]ﬁ)éﬁ@drﬁték’é%{ﬁ’or a
.. self assembled monolayer of tilted magnetic materialgyThe layers need
InclyRdsypsiFate A th ﬁg,\f%/ggag pety: ,“&%iﬁ%ﬁ{zﬂeﬁd 2376 By ltel AL YRe floagnetic
layer). Other variations may be implemented without departing from the

er) [ _ | |
layeg 48,5838 OfAt Yt AYSTSRELARL IRGERASIANGRNAR) (e rpoadinenbaldhR@resent
magnetic flux fg%fasgr%mugh the tilted magnetic layer 46 durin

el A LR GHE LSRR R e B HAGERATIAR s PRI
S RS 3y o K SveAL B

the magnetization cojl 55, which_induces a magnetic flux 58 thatis
exte g LR T B P JEALE B RSP SRR oAy 4B et
o R L R oy AR

opposing pole 54 of the yoke 56. [0037] The substrate 42 shown in FIG. 2
It e Ay e e HABEFof AT AT, SALATEG RO s
preS(ierr]l‘tslcl)er H?gv(l: er rl:?e'% lear? aﬁe a;?er shn?clejr?ti%ﬁasds.’ ﬁlfe% e}g)ngtlaaﬁggein to one layer being
adjacent to, above, below, on, or under another layer does not necessarily mean
immediately adjacent to, above, below, on, or under, and does not preclude the addition of
intermediate layer or layers. Also, certain layer or layers disclosed herein may be omitted
or replaced by other equivalent or different layer or layers of material. Furthermore, one
or more of the layer structures may include a multilayered structure having sub-layers that
are made of same or different materials. The layer structures shown need not be of a
continuous structure (e.g., the magnetic layer may comprise a bit patterned tilted magnetic
material, or a self assembled monolayer of tilted magnetic material). The layers need not
be of uniform thickness (e.g., a planarized layer of tilted magnetic layer). Other variations
may be implemented without departing from the scope and spirit of the present invention.
[0036] FIG. 2 also shows the magnetic flux 58 passing through the tilted magnetic layer

46 during a recording operation. During the recording operation, the recording medium 16

is passed under the recording head 50, which moves relative to the medium in the
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AIMg. For floppy disks and magnetic tape applications, suitable flexible
materials may be used for the substrate. The soft magnetic underlayer 44
may comprise any suitable material such as, for example, alloys or
multilayers comprising Co, Fe, Ni, Pd, Pt, Mn, It, Zr, B, N, Al, Nb, Ta or
. Ru, such as CoFe, CoFeB, FeAIN, NiFe, CoZrNb, CoNiFe, FeTaN, IrMn,
direqsiafirneifaiesh R AERMdye ArebiFreRy cipHiRthtafeePaaRBRISNIS It R svfich
. the same or_different materials. The protective overcoat 48 may include a
Induges, A BRI Huioeththiahds d6eaeq froae dfquteL AR o HE AaB JAHERY of
the present invention, a suitable material for the tilted magnetic layer 46 is
magnedisayshaQIRNE KR eRHaYPL IRAEER RAFICIPIRAIRRP 218G AXSgHetiENe SOTt
material that has a relatively high magnetic anisotrgpy at ambient
undeglaysk AdRravits Al Br BB EFRCS: i preagils Tvertdacke e
crystalline allgys suitable for forming the tilted magnetic medium comprise
opposifgsPele pbAt Wa¥ekEPRom the group consisting of Co and Fe, and a
second element selected from the group consisting of Pt and Pd Le.g. Llo
[003¢}, T fBSEaEs A & SRR b b Wi i 0 BRUTES ARl Bterighfar hard

.. many be included in the magnetic alloys in a manner that does not alter
diski S a5 AL LIRS AL CHIRRUE ELrSSATAROH: HaSScBh@NP Plated

irit of th sent i tion (e.g., FeNiP1). B f | d not
AN IR TGS R P PG HEER LB VN LB e may b
FePt alloy. In particular, the FePt alloy is a (101 011) textured FePt
use o SR EALnd T 40 QPRI S B A e G

S AR B v
zr, B AT Nb20e SPRSSoN a0% ot @ SEEBAEEAIRIRire, cozenb, CoNiFe,
FeTaN, IrMn, PrMn. The soft underlayer 44 may comprise one or multiple sub-layers of
the same or different materials. The protective overcoat 48 may include a diamond-like
carbon layer.

[0038] In accordance with one embodiment of the present invention, a suitable material
for the tilted magnetic layer 46 is a substantially L1, phase of a tetragonal crystalline alloy
magnetic material that has a relatively high magnetic anisotropy at ambient temperature.
In a further embodiment of the present invention, the L1, crystalline alloys suitable for
forming the tilted magnetic medium comprise a first element selected from the group
consisting of Co and Fe, and a second element selected from the group consisting of Pt
and Pd (e.g., L1, crystalline FePt, CoPt, FePd and CoPd). Certain additional elements
many be included in the magnetic alloys in a manner that does not alter the properties
disclosed herein, without departing from the scope and spirit of the present invention (e.qg.,

FeNiPt). By way of example and not limitation, the presenting invention will be discussed

13



(e.g., magnetic) of the crystals. [0039] To aid in the understanding of the
crystalline structure, reference is made to FIGS. 3a and 3b, which
schematically illustrate the different orientations with respect to the
substrate surface 62 (the intermediate layers in the recording medium 16
. have been omitted for simplicity), for a face-centered tetragonal (fct) unit
in referpRRa i fakd Slpyinkh eresiRhaqRTLALIOY A (8IS Bt PdptidiRs FePt
_ In FIG. 3a, the FePt unit cell has its c- axis oriented parallel to the ]}001]
thin @kFbehare di FOARNAY §sERseifarishr s Ties hehweepiafe” aadwhnelriem the
a-axis is oriented parallel to the surface plane 62. In FIG. 3b, the c-axis
med g Suitace Arrngl theexigradu el aeusedr oinerae anmbasdsae Mretiunefers to
surface normal, which is oriented in the [10%attipe direction. In FIGS. 3a
the peptersed elwnmenh oficivrsahingsliveeHansapd thaedpHRPY IBfbpliR{Agteristics
aligned along the c-axes. In accordance with one embodiment of the
(e-g-pwiﬂti%\/@%ﬁ@rﬁrﬁ@ﬁ}ted magnetic layer 46 comprises Llo phase of
magnetic alloys oriented in accordance with the crystalline orientation
[0038hhoriif inrthe spderstandjn of ey silijrenttneltsaHefamneally Sret FIGS.
the alternating easy axes (e.g. magnetic directions) of the tilted recording
3a apgl 3p AghichssbemsHap el urtrisdhn ditersTomntg RialdR_SOMIBF rasRREG FR e
disk platter according to one embodiment of the present invention. The
subs{iai, SHrfas .64 idhedrisamerdisdaysisdnihens idnataediHH@ bava beenFor
_purpose of discussion, each recording track 64 is schematically shown as
omitid fgriviraliciyretie fesrieviersatirtaganah(fap, utheribinaicines sehe
widths may comprise more or less than three magnetic particles 51. Each

CrysiibgRstie gras b AP ArticRh a2 g [doiRbrideVa InFriGndaryaedieRe Wt cell has its c-

_ polycrystalline structure, having easy axes aligned in the same
axis oriénted parallel to the [001] lattice direction and Is perpendicular to the surface plane

62 while its a-axis is oriented parallel to the surface plane 62. In FIG. 3b, the c-axis and
the a-axis of the FePt unit cell are both oriented 45° to the medium surface normal, which
is oriented in the [101] lattice direction. In FIGS. 3a and 3b, the magnetic moments of the
FePt unit cell are preferentially aligned along the c-axes. In accordance with one
embodiment of the present invention, the tilted magnetic layer 46 comprises L1, phase of
magnetic alloys oriented in accordance with the crystalline orientation shown in FIG. 3b.
[0040] FIG. 4 is a diagram that schematically shows the alternating easy axes (e.g.
magnetic directions) of the tilted recording layer 46 in a sectional view across the
recording tracks 64 of a magnetic disk platter according to one embodiment of the present
invention. The view in FIG. 4 is across the recording tracks 64 that are in direction A.
For purpose of discussion, each recording track 64 is schematically shown as being three
magnetic grains or particles 51 wide, although actual track widths may comprise more or

less than three magnetic particles 51. Each magnetic grain or particle may comprise a
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direction. In the simplified schematic shown in FIG. 4 (and also FIG. 5a to
5c), the soft underlayer 44, seedlayer 38 and the protective overcoat 38
are omitted. The direction of the arrows in the magnetic particles 51
represents the magnetization direction of the magnetic particles 5 1. The
magnetic directions of the magnetic particles 51 in the _recording layer 46

MongRBfHakNB ARV RYEEAIIRG SUBCHY tnaavadiERYstrfa AN HsHAItNR ¥Mfane

. that is perpendicular to the recording tracks 64 on the recording medium
directipndo4ns eiaified seematicravih b 6t ch@ObARRGR b ither). the soft
magnetization of the recording medium 16 according to.one embodiment
UndegiavRs e SeRftiHGE RS RISIECUNA QS (RIaL A8 SE BRIl iR difRetion of
protective overcoat 38 are omitted in these simplified schematic figures.

the affQug B\ HiS §RaRsE FBAILSISS sHORPIs e Hs JHetpane Hzat sy dhegtigreot the
magnetic layer 46 when viewed across the recording tracks 64. Reference

MagReHRARIICED HndTds TRERFHRMECHPRR Righfomaaneig R ilethat 1 thfee
magnetic particles 51 wide. The direction of the arrows in the magnetic

recopipgclayes 46 alipeaalRieiMesR ddve inatidn” dn &diBle Ut tR&iaghaaemal. ina

particles 51. For purpose of illustration, at the initial stage, the
plangfhghlistRasnerdifkdationlin eserdingdrstke phatiBeTeGerakidmadieMdtical

component pointed upward. By applying a magnetic field H (in the
[004diEdfion o dprat/i BustiaiedBe seadrice P8 Changasiadhattaoneistion of the

effected. The medium 16 is moved in the direction of arrow A to record
reCOFHRY ANGALIh &REISHRY oSN GEIEP BRIPBHPE S S aFRSAYEMIOhe The Soft

recording structure in the absence of the applied magnetic field H. The
undefigiagPReftMRE3BGAY BIBHRECSTAYBIP YT GOt 3B S1FPIDIEEhEthoes sbRplified

component directed upward. [0043] FIG. 5b represents the state of the
schepaairdiny esedilpriianes sGhtaatitgt)otowdte magnetization reversal in the

magnetic layer 46 when viewed across the recording tracks 64. Reference numerals 81
and 84 shown in the drawing denote a data bit that is three magnetic particles 51 wide.
The direction of the arrows in the magnetic particles 51 represents the magnetization
direction of the magnetic particles 51. For purpose of illustration, at the initial stage, the
magnetization direction in each magnetic particle 51 is set with its vertical component
pointed upward. By applying a magnetic field H (in the direction of arrow 83) to the
medium 16, a magnetization transition is effected. The medium 16 is moved in the
direction of arrow A to record data along the tracks 64.

[0042] FIG. 5a represents the state of the recording structure in the absence of the applied
magnetic field H. The tilted magnetic directions of the data bit 81 are shown with their
vertical component directed upward.

[0043] FIG. 5b represents the state of the recording medium 16 in the mid-stage of a data

bit recording process. Under the influence of the applied magnetic field H, the magnetic
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bit recording process. Under the influence of the applied magnetic field H,
the magnetic 15 directions of the particles 51 composing the data bit 81
switch their directions. As a result, the vertical components of their
magnetization directions are reversed to the downward direction. The
. data bits 86 in the adjacent recording track 84 are outside the area
directirasabiths PAE AN AHNAGRE 1A DRSS TWiGh thedidiFeainntz 4R result,
directions remain unchanged. [0044] FIG. 5c¢ represents the state of the
the RItiGAkiFRYIRRRAN T Al oM AN FHER B 1S ROBS ST T RY RS fadNeipiaward
. applied magnetic field is removed from the recording medium 16. The
direciiqh; plie AR R INANF AHRGANAPGOTHAG EREX R AT BiPMEsiEh IRt affcted
is a recording of a data bit to a tilted magnetic layer 46 through an applied
by the gerlisaaghetie THdtuiodasy Ted fallis ik srenatizaltPafyFRatioapretin
magnetic crystalline anisotropy value K. is 6.6xl 07 erg/cc and the
tion magnetization (M,) value is 1140 emu/cc resulting in an
anisotropy field Hk value that is approximately 116 lﬁigr%éHk = 2-K,[M

[004¢h Elcrors, iRICTSRS BeAR B ARG et atan Ham 2 ?ffB%%COfdi"zg process
. isot field Hk for FePt is approximately 0. 12. This | ati ¢
s coIieE ehiB ABRYSSERPUREc Dl Rer o Regsgialagenaelist 16

nd compares fayorably to other popular recording. material _such as CoPt
The (e RIYHL (RIS SRV AR TP AR 9T fIE Q0. JHE BRI

106 /cc, =45Q /cc). [0046] H ,d i th .
recOl A GBI BT 0 R SN S PaLeggnetic

fieldFePt by a conventional perpendicular head because of the ultra-hard

unc

[0045] For face-centered tetragonal FePt, the magnetic crystalline anisotropy value K, is
6.6x10" erg/cc and the saturation magnetization (Ms) value is 1140 emu/cc resulting in an
anisotropy field Hy value that is approximately 116 kOe (Hx = 2-K,/Ms). Therefore, the
ratio of the demagnetization field (4-7-Ms) to the anisotropy field Hy for FePt is
approximately 0.12. This low ratio means that the demagnetization effect on the tilted
angle is negligible for FePt and compares favorably to other popular recording material
such as CoPt where the ratio is approximately 0.42 (4-n-Ms / Hy = 0.42 where K, = 3 x 10°
erg/cc, Ms = 450 emu/cc).

[0046] However, depending on the available operating parameters, it may be difficult to
switch full ordered FePt by a conventional perpendicular head because of the ultra-hard
magnetic properties of FePt, even when the magnetic directions of the FePt are tilted at
45° from the switching field. Therefore, it may be necessary to employ a heat-assisted
magnetic recording (HAMR) head, which uses a laser, for example, to heat up the media

to temporarily reduce the Hy of the media until it is below the writing field strength of the
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magnetic properties of FePt, even when the magnetic directions of the
FePt are tilted at 45' from the switching field. Therefore, it may be
necessary to employ a heat-assisted magnetic recording (HAMR) head,
which uses a laser, for example, to heat up the media to temporarily
reduce the Hk of the media until it is below the writing field strength of the

recorng Beadink A OHFr PRBIBRRE AL IR BRGNS lkesPRasiAEPatptiakishydth lower Hi

material(s) with lower Hk value such as FePd, FeNiPt, MnAl, FeCuPt, .
valug:guchets Eabish, Rebitel; MBATHeReUra e 08t SORiyH0R Ve 4Lk Hhese Mitgals

of 15 to 40 kOe. [0047] Depending on the magnetic material and the
USU&H%H@%%T@WHF&@EQ%&T@ 10408/ (101) or (001) textured LIO

crystalline FePt thin film onto the disk surface may not permit a tilted

P
(004 g RRERAIRgAIRSHIRAINEEHS 'BRISHA! AN ES RIARCSH P ERCHRROBIHB S Iaver of

outcome may be a magnetic layer with the mag%netic directions (c-axesz .
(LOL)L{ O 8% ﬁ?@&%lBW&%B@%FE&é'B‘FQ%HB fhibe e SUARCE SRAM Rt permit

.. medium surface normal. Mareover, the ratio of the c-axes to the a-axes of

a tltgCmAANF G IBY R AIONS D3l prORMLIRE 108 1P Uik EACHTIRX BBt

which makes it difficult to differentiate the c-axes from the a-axes of the
OULCRTIB MAY (63 MABILIC LR (L H16) TERRAUG AUFRGHRB% Came o PRIy pnted

FePt will co-exist in the film resulting in only 2/3 of the c-axes of the FePt
along 106 3{HaGRA 315ARe thatRReyERt SRR SRt ER SHEFRCHRYEMEnllHBRVEr,

random magnetization angle profile, the recording density would be
the radigupide [06A8] teHBRAFE STt I%E%W@ﬁé%éﬁ?‘ﬁﬁmw ig-§§ for

provide a seedlayer to promote the formation (e%, rowth) of pure (101)
bulkd: YorhgseckeliieW hiymatiesi Su il in titespatriedRitasae ErbEtismaxes of

of the present invention, the seedlayer provides )
the FePt material. Consequently, (110) textured and (101) and (011) textured FePt will
co-exist in the film resulting in only 2/3 of the c-axes of the FePt are in the film plane. In
the event of the presence of the aforementioned random magnetization angle profile, the
recording density would be reduced.
[0048] Therefore, another aspect of the present invention is to provide a seedlayer to
promote the formation (e.g., growth) of pure (101) or (011) textured magnetic alloy film.
In accordance with one embodiment of the present invention, the seedlayer provides
interfacial stress to differentiate the (110) textured FePt film growth from the (101) or the
(011) textured FePt film growth. Since interfacial stress works best with very thin films
(thickness < 10 nm), it is useful for forming L1, phase of FePt materials with very high
magnetic crystalline anisotropy Ky, since it can be grown as a very thin film while
retaining its effectiveness as a hard magnetic layer.

[0049] FIGS. 6a and 6b schematically illustrate a section of an L1, ordered phase unit cell

of FePt along the (110) lattice plane and the (101) lattice plane, respectively. The (101)
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interfacial stress to differentiate the (110) textured FePt film growth from
the (101) or the (011) textured FePt film growth. Since interfacial stress
works best with very thin films (thickness < 10 nm), it is useful for forming
Llo phase of FePt materials with very high magnetic crystalline anisotropy
K., since it can be arown as a very thin film while retaining its

planggaaisdhe saR 14t %@G"ﬂé@ﬂ@ﬂ%‘{‘ﬁ%m‘fd@&é] RIS, 6aedatiigpdimensions of

schematically illustrate a section of an LIO ordered phase unit cell of FePt

the (P tRe (PRANGHNSE Prafedsnd! fF%%lUi%fﬂé%%ﬁﬁé%&;Pé@%ﬁéﬂﬂ Hird011)
(101).17 plane shares the same lattice dimensions with the (011) plane.

P'a”ﬁ“hé’?éﬂﬂ E%ﬁ%éﬂé%s%? g (340YYIaR-TorrtriabinesRREN L e iRfanse
from that of the (101% e and the (Ol%j) plane. Usm the bulk value, the

ﬂlOé.a@n%e@wa&\Lfﬁd g/gmﬂn@fseﬁmm & i e ensyipip Pt it

A /3.788 A = 1.441. The side ratio for an LIO crystalline FePt unit

cel GaPAGRGHAD (LS 67 b 1o MR & RO N Gk By SR 1401

/3.861 A =1.401. The side ratio for a non-distorted cubic structure such

The 5ide,534P dahfeherrLISHRELRA QP BAICIITBSUCh 35 ROdEraiRrer BHRIIRETAARB2

\/I_or a non-distorted cubic structure is closer to the side ratio of either the

is v 2101)A8dthéh@eforpl drrestda latiorjetalinos-Histartpd aubie slruoluntsslesettie the
same material. As a result, if a material with a natural (110) texture and a

side sadie eftritheiote (0L Yonthe debbsenent toltrrystattioe EePatbaeihay@i0) plane
(101) or (011) oriented grains of LIO crystalline FePt are more likely than

of the1 samperatreal g Asrisresulioit a/siaiging méthtaoarah(bHIdpxdfreLas a side ratio
seedlayer because the resulting arrangement will produce minimal

closerige 46l sdenrssitd aadridie sHefaseas|apeediayeiallbd)rhatl Usaitpriae iains

multiple sublayers comprising the same or different materials.
of L1, crystalline FePt are more likely than (110) oriented grains of L1, crystalline FePt to

grow on top of such seedlayer because the resulting arrangement will produce minimal
interfacial stress. In addition, the seedlayer 38 may be made using one or multiple
sublayers comprising the same or different materials.

[0050] In one embodiment of the present invention, the seedlayer 38 is a continuous layer
that comprises a material that has a bce crystal structure, a natural texture of (110) and a
side lattice dimension of between 2.7 A to 3.4 A. For example, suitable bcc materials for
the seedlayer include Nb (a = 3.301 A), Ta (a=3.298 A), W (a = 3.165 A), Mo (a = 3.165
A), V (a=3.023 A) and Cr (a = 2.885 A) and their alloys. These materials may be
deposited on the soft underlayer 44 using known process to maintain the (110) surface
plane required to minimize the interfacial stress between the seedlayer and the (101) or
(011) L1, crystalline FePt material.

[0051] In another embodiment of the present invention, the seedlayer is made of a

material that has a B2 structure, a natural texture of (110) and a side lattice dimension of
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[0050] In one embodiment of the present invention, the seedlayer 38 is a
continuous layer that comprises a material that has a bcc crystal
structure, a natural texture of (110) and a side lattice dimension of
between 2.7 to 3.4 A. For example, suitable bcc materials for the
seedla X/&inclu}e Nb (a=3.301 Ta (a=3.298 A), W (a = 3.165 A), Mo (a
bet"‘@%‘.feg 9 4/ 8\= 3U6D SRRl PE seadlayos dapielialid HkRela) s resed’ A,
materials be deposited gn the soft underlayer 44 using known
MG G298 IANIEES (he G868y AR Barbirbhedr At mmriZaaf). PrAg (@
_ integr%scial stress betwgen the see_dlagler %éd the (101) or é?)ll) Llo A
= 3. BY<nitREpdBTMR AN 1668 PTir-ariGher BrABdAImMRY 69 the prdaens 20 A).
invention t&? seedlayer is n?de of a material that has a B2 structure, a
CeCHARTat Bkibh6F 0 G0) 254 ALRM MALE direRdio. of HEsbatalRAASTYE 2
. 10 4.0 A. Such suijtable B2 seedlayer materials include MgLa I(a = 3.97 A)J{ .
minigiY @RS SR o sy Rapse 13RI IR § Trind F13PAIPXERAGIY 220G 4g 300 °C
A) PrA’%_'ia‘é - 3.739 A), LaZn é%: 3.75 A), CeZn (a =3.3.70 Ag Przn (a =
and wiglRsm| the B-UUs Yt A) FaeREMReLa s AY) Bresgianig Bl AjlaRdeRr
(a=3.754 A% These materials have a minimum t%pg%?ture for the
Wh'%H%?éeasTabn iZaton 3 SPABHR IRARGYSE80 OF L ey eEn PRSI 1o
ﬂﬁ B2 structure at room temperature. An exception to this rule is MgPr
CrysiRRIBR magngtie ."’.‘Iﬁ)¥30 'C. Similar material may be used for the seedlayers

for the other LIO crystalli tic alloys. [0052] Thin LIO crystalli
10058 S YA A L0 KoM s e ver
. (101) or (011) textyre with its c- iented 45' 1 the medi f
il TS SR i ST € A ATHOILE SR

on the . I . .
normaq. In one embodiment, the FePt film is a continuous alloy film formed on the

—

seedlayer. However, the c-axes remain randomly oriented along the surface of a cone that
opens 45° from the medium surface normal. Therefore, another aspect of the present
invention is to promote growth of a magnetic recording layer that has the orientation of the
c-axes in directions tilted with respect to the medium surface normal and along a plane
that is perpendicular to the recording track directions on the disk platter.

[0053] FIG. 7 is a diagram showing a cross section of a tilted recording medium 16 that
has been formed on a physically or mechanical textured substrate according to an
embodiment of the present invention. The protective overcoat 48 is not shown in this
simplified diagram to maintain clarity. One embodiment of the present invention is to use
a textured surface having circumferential grooves 88 to promote the growth of a tilted
recording layer 46 that has its magnetization directions tilted with respect to the disk
platter and perpendicular to the recording track directions A. (The circumferential grooves

88 are schematically represented by a hill-and-valley configuration. The relative shape,
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seedlayer. However, the c-axes remain randomly oriented along the
surface of a cone that opens 45' from the medium surface normal.
Therefore, another aspect of the present invention is to promote growth of
a magnetic recording layer that has the orientation of the c-axes in
_directions tilted with respect to the medium surface normal and along a
size, 3Af SPIAATIEB &IRIBRAIIRNVES PR INLERHRTHIR QHIEHEGYH 3P Shodiipted and
latter. [0053] FIG, 7 is a diagram showing a cross section of a tilted

NOt R dhBY ARSEROM 1112t haY HRG KTBYYREUA5ASA (i sIBaRPESICHISK Ranfacs

textured substrate according to an embodiment of the present invention.

teXtufR ATOFSRS IR, MBSO HP UG ks ARBE KR A I TRURIS &t #10Q i gParf dtprmed on

maintain clarity. One embodiment of the present invention isto use a

the sbstiattr<u rfa AU YR Rk vt g B B SHHEHIBRL O G reRpihied
of a tilted recording layer 46 that has jts magnetization directions tilted.

subsfity Ae<HEENG AR PRIRO NS HsORLHAGEN el rsebraiss thadurections
directions A. (The circumferential grooves 88 are schematicall )

and pLISALUARE 41 %%993%3@£%9“8§HFF§G%T6H? firstiatadire ﬁna%eé!'w@%zs

and span of F%e textured lel%;ooves 88 in relation to other structure are

formeg, o o 1A 0 SRR A PE SRR RIS P RO AR Y s

causts Bk HiEr MG GROGAAGE SeP e veren oLl Cese A Weor,
underlayer 44 of suitable thickness is deposjted on the modified substrate

SubSeGUER N 26 Hu e ST 6 PSS GBI eR AL P of

e AR USRI e pen S e e o e
e S PSBR Se st ot R AT s
approximately oriented either in +45° (in the [101] case) or -45° (in the [011] case) with
the medium surface normal and along a plane that is perpendicular to the recording track
directions (i.e., in the disk radial direction). The grooves 88 at the surface of the substrate
42 may be formed with their peak-to-valley values ranging from 1 A to 1 nm and their
peak-to-peak (or valley-to-valley) dimensions ranging from 5 nm to 1 mm. The groove
density may be of the order of the track density, or higher.

[0054] The processes for physically texturing disk substrates have been reported in many
publications. References may be made to J.K. Lee, A. Chao, J. Enguero, M. Smallen, H.
J. Lee, and P. Dion, “Effect of Disk Cross Hatch Texture on Tribological Performance”
IEEE Trans. Magn. 28, 2880 (1992); B. Bhushan, “Magnetic slider/rigid disk substrate
materials and disk texturing techniques — status and future outlook” ASME adv. Info. Stor.
Syst. 5, 175 (1993); R. Ranjan, D. N. Lambeth, M. Tromel, P. Goglia and Y. Li, “Laser

Texturing techniques for high performance magnetic disk drives”, IEEE Trans. Magn. 31,
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Subsequently, when LIO crystalline FePt is deposited as the recording
layer 46 on top of the seedlayer 38, the L101] or [CLI 1] of the LIO FePt
will epitaxially match the <1 10> direction of the seedlayer 38. As a result,
the c-axes of the LIO crystalline FePt are approximately oriented either in
+45' (in the [101] casegﬁor -45' (in the [011] case) with the medium

2946(it990e: HoMMaP At aichd g Aftht i L PIsaRdi Eliter T ThP Ik avarRgexture
track directions (i.e., in the disk radial direction). The grooves 88 at the

on gligfraed Boghdationat i adowilying tetehisd (R ENHYRAB-08118429 (1990);
values ranging from | A to | nm and their peak-to-peak (or valley-to-valley)

and Kinheieakhs T4 YR 8he B sHRST 3HeRY TRISTGRS L mEtaskity- SO BGF tHeN.
order of the track density, or higher. [0054] The processes for physicaII%/

16, 48T SRR ST NG R BRESS MY R RPIFAWNISDNR% AR porate one

References may be made tg J.K. Lee, A. Chao, J. Enguero, M. Smallen,

or a pompipHONpi{fe PIRGRSSEsHL3t!8599ilk PR EI8REF T exture on
Tribological Performance” IEEE Trans. Magn. 28, 2880 (1_99%2'; B. .

[0058 |, FYREANONSR SR RGAEARG of (REPETEEHIETHICRS SRS SHieugMsrential grooves
texturing techniques - status and future outlgok™ ASME adv. Info. Stor.

83 08 {1t S05iaS PUYASE A2 Reataciitas: e TamBuan s SRStpols Tagsif arafired

. Y. LI, "Laser Texturing techniques for high performance magnetic dis

orienfils: agt: U AR CRTE BY SMogH e PG PeVIE iETeental grooves

Ishizaki, and C. Krishnan, "Effects of Désk miclfostexture on glid and

may iSRRG S SRTSRANNE AYTR REIJARSARHRISIAKE Hhadrer {1%80);

ool YN R BRSO oo
adogt d, which maaéincor rate one or a cogmbination of thfe Procefsses_
8@ I clr

ProcssR € RefaLcaLigxENEdprocessing or scribing), a series of circumferential

grooves are formed on top of the non-magnetic layer prior to the deposition of the
seedlayer 38. When the seedlayer 38 is eventually formed on the “scribed” non-magnetic
layer, the <110> direction of the seedlayer material will align in the preferred radial
direction. It is noted that as the layers build up on the substrate 42, the surfaces of each
successive layer become more flat (i.e., each layer to some extent planarizes the layer
below). As a result, the seedlayer 38 presents a relatively flat surface for the formation of
the magnetic layer 46.

[0056] Although an embodiment of the present invention uses mechanically formed
circumferential grooves 88 to provide a texture on the surface of the substrate 42, it can be
appreciated by one skilled in the art that other non-mechanical process may be used to
create the textured lines on the surface of a substrate. For example, photolithography or
nano-imprint lithography may be used to create the circumferential line patterns and

chemical etching may be used to create the textured lines.
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[0055] Even though an embodiment of the present inventions uses
circumferential grooves 88 on the substrate surface 42 to facilitate the
formation of desirable magnetic preferred orientations, it can be
appreciated by one skilled in the art that the circumferential grooves may
instead be created on the surface of the soft underlayer 44. For example,
[00541nbhe rRlagMe i tapersss il te REEH A BB M1dikte HHAD pasmsHGlser 46 and
underlagyer 44. Using known processes geg mechanical textured

the gliojee ELimgterials TIigsss BuRsIIhE bigisIeeresTBNedn

top, of the non-magnetic layer prior to the deposition of the seedlayer 38.
magOgHa I LASg AR AN ANE BRI 8RB tHe!dRi e yvrite head 52 and the

non-magnetic layer, the <1 10> direction of the seedlayer material will
recorifg AeHRYJRe REACRISY ek FYTBEGANSIdSr AadMAPS HRD 19 B tBIGHAEsS and

.on the substrate 42, the surfaces of each successive layer become more
choige, pfithe Wnganlpyee AoPREIRESYRAY A S rnarizes the layer below). As a

result, the seedlayer 38 presents a relatively flat surface for the formation
[0055] BHEYAK G EYETRYE AR RS SR8 A BRSSP S pHEYE

_invention uses mechanical_lﬁgz()jrmed circumferential rg.gélzes 88 to @ro_\/ide

designpA iR ACTYRVING RIFFSREO B RS TRbH At a148a5t LanGRIASBret sty bytyre 2

A S T AR AR e e
o AR R e A r
o A A R B P
drivéa}}lgurssi rqg?gn?beignetl?e%%gr%?u?g toafigl:}(r)]gt %Qgssﬁ{g \t/ialltr?gus layers of the recording
medium 16 may be formed by known conventional process steps, such as sputtering,
deposition, coating, etc., which may also include the steps of polishing, lapping, laser
texturing, washing, cleaning, heat treatment (e.g., annealing), etching, lithographic

masking, etc. The materials for the various layers and the thicknesses thereof for a 65 cm

diameter hard disk platter (textured as described above) are set forth below:

Material Thickness Range
Soft Underlayer FeCoB 20nm-1000nm
Seedlayer Crw 5nm — 100nm
Tilted Magnetic Layer FeNiPt 2nm —50nm
Protective Overcoat Diamond like carbon | 1nm —10nm
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magnetization angle in relation to the operating magnetic field of the write
head 52 and the recording density to be achieved. Further consideration
may be given to the thickness and choice of the underlayer 44 and/or
substrate 42. [00581 By way of example and not limitation, for a tilted
magnetic hard disk drive. 2 designed to achieve a data recording densit
[0056] 3/ fulesparEipepiremeipadifpens Abithaipkeatignina vraRe irias Igedigriatn for the
deliver a magnetic field of about H = 20 kOe at the tilted . magnetic layer,
purp@i At RRSUEREAB G Y HHGRHY %QtJPréﬁétHHHJB’f%L@fllt%t,'B%Qéﬁ%ﬁﬁ@“‘at'hW'” be
external ambient operating temperature of about 25'C, and an internal (at
apPraciAiRdiBe BPEROT QIR HY &Y RRAEHNEL RIHBRERYRC B A Ofgee. RIS,
various layers of the recording medium 16 may be formed by known
materils, AAEIIEERE SiAISIaY B8 TRae AR REPaLiSrRELts sCare of the
. which may alsg include the steps of polishing, lapping, laser texturing,
inveprihasgediethingne aBReRdsthildiMe. g., annealing), etching, lithographic
masking, etc. The materials for the various layers and the thicknesses
thereof for a 65 cm diameter hard disk platter (textured as described
above) are set forth below: MaterialThickness Range Soft
UnderlayerFeCoB20nm- |1 000run SeedlayerCrw5mn - | 00nm Tilted
Magnetic LayerFeNiPt2mn -50mn Protective OvercoatDiamond like
carbonlnm - 10nm 22 [0059] While particular embodiments of the
invention have been described herein for the
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purpose of illustrating the invention and not for the purpose of limiting the
same, it will be appreciated by those of ordinary skill in the art that
numerous variations of the details, materials, and arrangements of parts
may be made without departing from the scope of the invention as
defined in the appended claims. 23 What is claimed is: 1. A tilted magnetic
recording medium, comprising: a substrate; and a magnetic film
supported by the substrate, the magnetic film comprises a magnetic alloy
What & fiyast &netic easy axis defined by preferential tilted alignment of a
crystalline phase of the magnetic alloy, wherein the magnetic easy axis is

L il YERHINO9nefASE RF ¥ BT ECI I8 stantially perpendicular to

recording tracks of the magnetic film. 2. The tilted magnetic recording
me?ﬂﬁ&#?%?t&aﬂﬁg 1, wherein the crystalline phase of the magnetic alloy is
substantially Llo phase of a tetragonal crystalline magnetic alloy. 3. The
tilt S AT HE PR SRR ABY N SHP IR 916 RRGRRHCILIRCEipdses a
tetragonal crystalline magnetic alloy is oriented at an angle substantially
magpef R HAALCBBRSHC Sap AXIR IS ﬂ?ﬁ’ebbrn@&fﬁ‘is@?%%ﬁ%faﬂﬂﬁem ofa
dium of claim 1, wherein the ma%n_etic film comgrises a film o

m f .
crysigfiag s 108 haRRel I IS T RSO B Seasy i ERrkiglifie to
p.angﬁgg@'ﬁgg e e R eArelng, Caedlmm of G2 dhe Tabetic

film.

2. The tilted magnetic recording medium of claim 1, wherein the crystalline phase of

the magnetic alloy is substantially L1, phase of a tetragonal crystalline magnetic alloy.

3. The tilted magnetic recording medium of claim 2, wherein c-axis of the tetragonal
crystalline magnetic alloy is oriented at an angle substantially 45° relative to plane of the

substrate.
4, The tilted magnetic recording medium of claim 1, wherein the magnetic film
comprises a film of substantially (101) and (011) textured L1, phase of a tetragonal

crystalline magnetic alloy.

5. The tilted magnetic recording medium of claim 1, further comprising a seedlayer

supported by the substrate and adjacent the magnetic film, wherein the seedlayer having a
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supported by the substrate and adjacent the magnetic film, wherein the
seedlayer having a 24 crystalline structure that promotes the preferential
alignment of the crystalline phase of the magnetic alloy in the magnetic
film. 6. The tiled magnetic recording medium of claim 5, wherein the
seedlayer comprises a crystalline material having a natural texture and
crysiahiine PRICHB IR BamOssdiy RIser i HigPITCH) dba RS IHARRRsROf the
magnetic alloy in the magnetic film. 7. The tilted magnetic recording
magRedg; sl IARMMBINAREdHMhe seedlayer and the magnetic alloy in the
magnetic film creates interfacial stress to give rise to the preferential tilted
alignment of the crystalline phase of the magnetic alloy in the magnetic
film. 8. The tilted magnetic recording medium of claim_7, wherein the )
6. cryltfitHedmagnrl oG UBR ASFEIR QS HalibatdEaRl HaueedlRicepmprises
cubic or B2 crystal structure. 9. The tilted magnetic recording medium of
a CrySigiing ARl RHRG AR FRLIE AT O R LB RARMAlsES AL £l PSP R XRaren
of éllO). 10. The tilted magnetic recording medium of claim 7, wherein the
thosg-0f Fgcsay dakwe @T@%%Orfstget@a%ﬁq%?E%&éhﬁé“ﬂ@g(‘fé'f)fﬁﬂb (011)
textured Llo phase of the tetragonal crystalline magnetic alloy, whereby
[101] and [011] of the Llo phase of a tetragonal crystalline magnetic alloy

itaxial tch <110> directi f th dl 2511, The tilted
7. el LS CRReNGY EEAUAN B TS L Hakers HREFRRHEREeBy an th
Rl AIiPY Gl TP D QSIEELER PG S e B ORer iR O A prentiel

Pd. : : : g
tilted rﬂlgnment of the crystalline phase of the magnetic alloy in the magnetic film.

8. The tilted magnetic recording medium of claim 7, wherein the crystalline material

of the seedlayer has a substantially body centered cubic or B2 crystal structure.

9. The tilted magnetic recording medium of claim 8, wherein crystalline material of

the seedlayer has a natural texture of (110).

10.  The tilted magnetic recording medium of claim 7, wherein the interfacial stress
gives rise to a film of substantially (101) and (011) textured L1, phase of the tetragonal
crystalline magnetic alloy, whereby [101] and [011] of the L1, phase of a tetragonal

crystalline magnetic alloy epitaxially match <110> direction of the seedlayer.
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12. The tilted magnetic recording medium of claim 5, wherein the
seedlayer is supported by a textured surface that promotes alignment of
the seedlayer and subsequent growth of the magnetic alloy on the
seedlayer so that the magnetic easy axis is tilted perpendicular to the
recording tracks. 13. The tilted magnetic recording medium of claim 12,

11. wh@h?uﬁ'%ﬁ@ H3Q0FHG SAIEIBLBIRHHEEST SRt eiRiaINGoTag Rt alloy

surface of the substrate. 14. A data storage system, comprising: a tilted
comprises Al TeRlsrarnb selecimirag e igiRYA Cansistineebidg hEaPasésehgnd

a magnetic field at the tilted magnetic recording medium; and an actuator
ele”?lﬁ‘bﬁaﬁ%ﬁjéﬁﬁ%%@iﬁé?ﬁﬁé:%é'%?% PERL ARG head with respect to the

tilted magnetic recording medium to effect data recording. 15. A method of

magnetic data recording, comprising the steps of: providing a tilted

magnetic recording medium as in claim 1; providing a data recording head
12. 1 e e HREHCHERP A MRl or Ak R R SERARY SIS 26

supporting and positioning the data recording head with respect to the
SUPPRE PSR FECGRS LR OFS ALBRERERS PLERRGRRGIANET R SHeRFENt

of claim 15, wherein the magnetic field is substantially perpendicular to
oAb (ACEERCRARY 4% 1 e oI ERhIS TR GOSLERag ed

medium, the method.comprising:
perpendlcumr to the recording trgcf(s. g

13. The tilted magnetic recording medium of claim 12, wherein the textured surface

comprises circumferential grooves in a surface of the substrate.

14. A data storage system, comprising:

a tilted magnetic recording medium as in claim 1,

a data recording head directing a magnetic field at the tilted magnetic recording
medium; and

an actuator supporting and positioning the data recording head with respect to the

tilted magnetic recording medium to effect data recording.

15. A method of magnetic data recording, comprising the steps of:
providing a tilted magnetic recording medium as in claim 1,
providing a data recording head to direct a magnetic field at the tilted magnetic

recording medium; and
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providing a substrate; supporting a magnetic film on the substrate,
wherein the magnetic film comprises a magnetic alloy having a magnetic
easy axis defined by preferential tilted alignment of a crystalline phase of
the magnetic alloy; supporting a seedlayer on the substrate, adjacent the
magnetic film; wherein the seedlayer comprises a crystalline material
havHRPHBS A2 ROGIRNHIHINSHRE pRatatkhsadattBIseRFhaibs tHisske
of the crystalline phase of the magnetic alloy in the magnetic film, wherein
maghed G aeRTin SRR WL s HREFRAL86R Ngtane of the substrate and
substantially perpendicular to recording tracks of the magnetic film. 18. A
magnetic recording medium made in accordance with the method of claim
17.19. A tilted magnetic recording medium, comprising: a substrate,
16. whéh&matRoq Sialm hasWesktitan Baparic Held sypspeiantipibsrerpasdicular
the textured surface, the seedlayer having a crystalline structure that
to plapsAbhe Hsfdntial alignment of a substantially Llo phase of a
tetragonal 27 crystalline magnetic alloy, wherein the textured surface
promotes alignment of the crystalline structure of the seedlayer; and a
magnetic film supported by the seedlayer, the magnetic film comprises a
SUBARRIDR OB AHESE B1S0RETIS LR 9 SEHHE e RsHecHh RIS Ing:
wherein crystalline structure of the seedlayer interacts with the Llo phase
of HOYAIY8 4P aline magnetic alloy to give rise to a preferential

tilted alignment of the Llg phas
! supp}) ﬂng a magnetic f?lr% on ﬁ1

17.

ggt?bstrate, wherein the magnetic film comprises a
magnetic alloy having a magnetic easy axis defined by preferential tilted alignment of a
crystalline phase of the magnetic alloy;

supporting a seedlayer on the substrate, adjacent the magnetic film; wherein the
seedlayer comprises a crystalline material having a natural texture and lattice parameters
that closely match those of the crystalline phase of the magnetic alloy in the magnetic
film,

wherein the magnetic easy axis is tilted relative to plane of the substrate and

substantially perpendicular to recording tracks of the magnetic film.
18. A magnetic recording medium made in accordance with the method of claim 17.
19.  Atilted magnetic recording medium, comprising:

a substrate, wherein the substrate has a textured surface;

a seedlayer supported by the textured surface, the seedlayer having a crystalline

structure that promotes preferential alignment of a substantially L1, phase of a tetragonal
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tetragonal crystalline magnetic alloy, wherein the textured surface and the
seedlayer effect tilted alignment of the LIo phase of the tetragonal
crystalline magnetic alloy such that its magnetic easy axis is tilted relative
to plane of the substrate and substantially perpendicular to recording
tracks of the magnetic film. 20. The tilted magnetic recording medium as
crystalingmaggeiihalien Meerallhedeed TR BLRGIR RHSUBSRARTANS
(201) angci\lcl)ﬁll) textured Llo phase of the tetragonal crystalline magnetic
crysiaiige sipciiae AiHe sselayeih8eiragonal crystalline magnetic alloy is

oriented at an angle substantially 45 relative to the plane of the substrate.
2ga magnetic filmsupported by thé seedlayer, the magnetic film comprises a

substantially L1, phase of a tetragonal crystalline magnetic material, wherein crystalline
structure of the seedlayer interacts with the L1, phase of the tetragonal crystalline
magnetic alloy to give rise to a preferential tilted alignment of the L1, phase of a
tetragonal crystalline magnetic alloy,

wherein the textured surface and the seedlayer effect tilted alignment of the L1,
phase of the tetragonal crystalline magnetic alloy such that its magnetic easy axis is tilted
relative to plane of the substrate and substantially perpendicular to recording tracks of the

magnetic film.,

20. The tilted magnetic recording medium as in claim 19, wherein the magnetic film
comprises a film of substantially (101) and (011) textured L1, phase of the tetragonal
crystalline magnetic alloy, and wherein c-axis of the tetragonal crystalline magnetic alloy

is oriented at an angle substantially 45° relative to the plane of the substrate.
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TILTED MAGNETIC RECORDING MEDIA


FIELD OF INVENTION


[0001] This invention relates to magnetic recording media, and in particular relates to tilted magnetic recording media.

BACKGROUND OF THE INVENTION 


[0002] All publications disclosed herein, below are incorporated by reference, as if fully set forth herein.


[0003] There are many different forms of mass data storage technology used in modern computing.  One of the prevailing forms of data recording is magnetic data recording due to its large storage capacity and re-usable recording media.  Magnetic data recording may be implemented utilizing different types of magnetic recording media, including tapes, hard disks, floppy disks, etc.  Over the years, significant developments have been made to increase the areal data recording density in magnetic data recording to raise its capacity.


[0004] One method for increasing the areal density of the magnetic media, especially for hard disc storage, is to use perpendicular recording media, which have been found to be superior to conventional longitudinal media in achieving very high bit density.  In perpendicular recording, the direction the magnetic flux entering the media is substantially normal to the recording surface rather than along the recording surface as in conventional longitudinal recording.


[0005] A major factor that limits improvement in areal density of magnetic recording is superparamagnetism.  Superparamagnetism comes from thermal excitations perturbing the magnetization of ferromagnetic particles (grains) and rendering the magnetization unstable.  As the ferromagnetic grain size is reduced for high areal density recording, superparamagnetic instabilities become more of an issue.  The superparamagnetic effect is most evident when the grain volume V is sufficiently small such that the inequality KuV/kBT ≥ 60 (thermally stable for 10 years) can no longer be maintained.  Ku is the magnetic crystalline anisotropy energy density of the material, kB is Boltzmann’s constant, and T is the absolute temperature in Kelvin.  When this inequality is not satisfied, thermal energy demagnetizes the individual grains and the stored data bits will be unstable.  Therefore, as the grain size is decreased in order to increase the areal density, a threshold is reached for a given material Ku and temperature T such that stable data storage is no longer feasible.


[0006] It is conceivable to use a recording material with high magnetic crystalline anisotropy Ku to overcome the superparamagnetic effect.  However, an increase in the anisotropy Ku will also increase the switching field, H0, which is required to reverse the magnetization direction and is about twice as large as the coercivity HC of the material.  Obviously, H0 cannot exceed the write field capability of the recording head, which currently is limited to about 15 kOe for perpendicular recording.


[0007] One method that allows the use of high Ku recording material without an equivalent increase in the switching field H0 is to tilt the easy axis of the recording material with respect to the surface normal of the recording medium surface.  It is found that a 45(-tilted magnetization angle with respect to the medium surface normal may result in a required switching field H0 that is approximately half the anisotropy field of the media. In other words the switching field H0 for a recording material with a 45( tilted magnetization angle is about half the switching field for the case of 0( tilt angle.   In addition, if aligned in the cross-track direction, a tilted magnetization angle may also help increase the signal-to-noise ratio of the recording media and recording narrow tracks by reducing track edge writing.  See, “Transition Jitter Estimates in Tilted and Conventional Perpendicular Recording Media at 1 Tb/in2”,  Kai-Zhong Gao, Neal Bertram, IEEE Transactions on Magnetics, 39, 704-709 (2003); and “Track Edge Effects in Tilted and Conventional Perpendicular Recording”, Kai-Zhong Gao,  Xiaobin Wang, Neal Bertram, Journal of Applied Physics, 93, 7840-7842 (2003).

[0008]  It has been proposed that thin-film deposition at an angle to the substrate surface (oblique incidence) to create an interlayer with a tilted preferred orientation would facilitate the growth of the tilted magnetic layer.  A magnetic layer that is subsequently grown on top of the interlayer may take on the tilted orientation wherever hetero-epitaxy is available.  However, the oblique incidence approach may cause a large angular dispersion around the tilted preferred orientation.  It is conceivable that a collimator may be used to reduce the easy-axis angular spread around the preferred orientation.  However, using a collimator will significantly reduce the deposition efficiency of the magnetic material.


[0009] Another drawback with using oblique incidence deposition over a substrate, and in particular a circular substrate with circumferential recording tracks, is that the tilted magnetization direction will be largely along the down-track direction in one quadrant of the substrate and substantially along the cross-track direction in an adjacent quadrant.  Having a tilted magnetization angle that is along the down-track direction will cause demagnetization field at transition regions, which limits the linear density.  On the other hand, having a tilted magnetization angle that is along the cross-track direction will cause non-symmetric track profiles.


[00010] Rotating the substrate during deposition may solve the non-uniformity problem, making the tilted magnetization angle along either down-track or cross-track direction.  However, the other drawbacks mentioned above still exist.

[00011] It has been proposed that by using certain bi-crystal structure, symmetric track profile and sharp transitions may be achieved.  See, “Bi-crystal Structure of Tilted Perpendicular Media for Ultra-high-density Recording”, Guan, Lijie, Zhu, Jian-Gang, Journal of Applied Physics, 93, (7735-7737) 2003.  However, the bi-crystal structure is difficult to implement. 

[00012] Accordingly, it would be desirable to develop a magnetic recording media that can take advantage of tilted magnetization without the drawbacks of the prior art, such as demagnetization field at transition regions and non-symmetric track profiles.

SUMMARY OF THE INVENTION


[00013] The present invention overcomes the drawback of the prior art by providing a tilted magnetic recording medium that comprises a layer of magnetic material having a magnetic easy axis defined by tilted alignment of a particular crystalline phase of the magnetic material.


[00014] One aspect of the present invention is the use of a film of (101) and (011) textured L10 phase of a tetragonal crystalline material for the magnetic recording layer.  The substantially L10 crystalline structure of the magnetic material has high magnetic crystalline anisotropy Ku that allows for smaller data bits and thus, results in a thermally stable and high areal density recording media.  In addition, (101) and (011) textured films have their crystalline c-axes and, therefore, magnetic easy axes oriented 45º, or approximately 45º, to the medium surface normal.  This 45º-tilted easy axis angle reduces switching field (H0) that is required to write a data bit by about half compared with perpendicular media design.  In one embodiment of the present invention, the L10 crystalline alloys suitable for forming the tilted magnetic medium comprise a first element selected from the group consisting of Co and Fe, and a second element selected from the group consisting of Pt and Pd, e.g., L10 crystalline FePt.


[00015] Another aspect of the present invention is the use of a seedlayer comprising materials with a natural texture of (110) and lattice parameters that closely match those of L10 crystalline magnetic material (e.g., FePt) in the magnetic recording layer.  The seedlayer is supported by the substrate prior to the growth of the magnetic recording layer.  By carefully matching the lattice parameters between the seedlayer material and the recording material, interfacial stress between the two layers will give rise to pure (101) and (011) textured L10 crystalline film in the recording layer.   In one embodiment, the seedlayer comprises a material that has a substantially bcc crystal structure.  In another embodiment of the present invention, the seedlayer is made of a material that has a substantially B2 structure.


[00016] Still another aspect of the present invention is providing a physically or mechanically textured underlying surface (e.g., using “scribed” lines on the substrate surface, soft underlayer or seedlayer), to facilitate preferential formation of the seedlayer, and subsequent growth of the magnetic material so that the tilted magnetic directions can be directed along a plane that is substantially perpendicular to the recording tracks.  By changing the morphology of the substrate surface, the <110> direction of the seedlayer will align in the desired direction when it is formed on the surface.  When the L10 crystalline magnetic material (e.g., FePt) is subsequently grown on the seedlayer, the [101] and [011] of the L10 crystalline FePt will epitaxially match the <110> direction of the seedlayer.  The result is that the easy axes of the L10 crystalline FePt recording layer is approximately oriented either in +45º or –45º with respect to the medium surface normal and in a plane that is perpendicular to the recording tracks.


BRIEF DESCRIPTION OF THE DRAWINGS

[00017] For a fuller understanding of the nature and advantages of the invention, as well as the preferred mode of use, reference should be made to the following detailed description read in conjunction with the accompanying drawings.  In the following drawings, like reference numerals designate like or similar parts throughout the drawings.


[00018] FIG. 1 is a schematic representation of a disk drive incorporating the inventive magnetic recording medium in accordance with one embodiment of the presenting invention.


[00019] FIG. 2 is a schematic side view of a perpendicular recording system that incorporates a tilted magnetic recording medium in accordance with one embodiment of the present invention.


[00020] FIG. 3a is a schematic diagram of a L10 phase of FePt unit cell that has its c-axis oriented perpendicular to the surface plane.


[00021] FIG. 3b is a schematic diagram of a L10 phase of FePt unit cell that has its c-axis oriented 45º relative to the surface plane.


[00022] FIG. 4 is a schematic sectional view across the tracks of the tilted magnetic recording medium showing the magnetic directions of the magnetic particles with respect to the medium surface normal and the recording tracks in accordance with one embodiment of the present invention.


[00023] FIG. 5a is a schematic sectional view across the tracks of the recording medium depicting the magnetic directions in the recording layer in the absence of an external magnetic field.


[00024] FIG. 5b is a schematic sectional view across the tracks of the tilted recording medium illustrating the reversal of the magnetic directions under the influence of the external magnetic field provided by the write head.


[00025] FIG. 5c is a schematic sectional view across the tracks of the tilted recording medium showing the new magnetic directions after the removal of the external magnetic field provided by the write head.


[00026] FIG. 6a is a schematic view of a L10 phase of FePt unit cell along the (110) plane.


[00027] FIG. 6b is a schematic view of a L10 phase of FePt unit cell along the (101) plane.


[00028] FIG. 7 is a schematic sectional view across the tracks of a recording media showing the interlayer morphologies used to facilitate the growth of the recording layer with desirable tilted preferred orientations.


DETAILED DESCRIPTION


[00029] The present description is of the best presently contemplated mode of carrying out the invention.  This description is made for the purpose of illustrating the general principles of the invention and should not be taken in a limiting sense.  The scope of the invention is best determined by reference to the appended claims.  This invention has been described herein in reference to various embodiments and drawings.  It will be appreciated by those skilled in the art that variations and improvements may be accomplished in view of these teachings without deviating from the scope and spirit of the invention.


[00030] The present invention overcomes the drawback of the prior art by providing tilted magnetic recording media that comprise a layer of magnetic material having a magnetic easy axis defined by tilted alignment a particular crystalline phase of the magnetic material.  As will be detailed below, the recording media comprise a magnetic recording material that has its magnetic easy axis alternating approximately either +45( or –45( with respect to the medium surface normal of the recording medium and perpendicular to the recording track directions.  One aspect of the present invention is the use of a (101) or (011) L10 phase of a face centered tetragonal (fct) crystalline material (such as FePt) as the recording material due to its relatively high Ku and its easy axes pointing at 45( to the medium surface normal.  Another aspect of the invention is to provide a novel method that facilitates obtaining a (101) or (011) L10 FePt film with its easy axes oriented 45( with respect to the medium surface normal.  Still another aspect of the invention is to provide a novel method to facilitate obtaining tilted magnetization angles of the L10 phase crystalline magnetic materials that are defined along a plane that is perpendicular to the recording tracks on the recording medium.  A mass storage device that employs tilted magnetic recording layer in accordance with the present invention will likely achieve high-density recording without having its tilted magnetization angles causing either demagnetization field at transition regions or non-symmetric track profiles.

[00031] By way of illustration and not limitation, the present invention will be described in connection with a magnetic recording disk drive system, and in particular a perpendicular magnetic recording disk drive system.  Perpendicular magnetic recording, as used herein, generally refers to having the write pole of the recording head emit a magnetic flux that is substantially perpendicular to the direction of travel of the recording head and/or recording medium.  Although the embodiments of the invention are described herein with reference to perpendicular magnetic recording in disk drives, it will be appreciated that aspects of the invention may also be used in conjunction with other types of recording (e.g., longitudinal) where it may be desirable to deploy the inventive magnetic recording medium. 


[00032] It is well contemplated that the novel magnetic recording medium of the present invention may be applied to other types of magnetic data recording systems having other disk or substrate configurations, which may comprise in addition to magnetic data recording, other forms of data reading, such as magneto-optical recording system, without departing from the scope and spirit of the present invention. While the present invention is illustrated in reference to a magnetic recording medium that has its magnetic direction tilted in relation to the medium surface normal, it is contemplated that the novel recording medium may be used in a mixed medium where the magnetic angles of other areas of the recording medium are substantially different than the tilted magnetic angle used by the present invention, including the conventional magnetic angles that are either substantially perpendicular or parallel to the medium surface normal of the recording surface.


[00033] FIG. 1 is a schematic representation of a disk drive 10 that can utilize the novel recording medium in accordance with this invention. The disk drive 10 includes a housing 12 (with the upper portion removed and the lower portion visible in this view) sized and configured to contain the various components of the disk drive. The disk drive 10 includes a spindle motor 14 for rotating at least one magnetic storage disk that comprises a tilted magnetic recording medium 16 in accordance with the present invention. At least one arm 18 is contained within the housing 12, with each arm 18 having a first end 20 with a recording head or slider 22, and a second end 24 pivotally mounted on a shaft by a bearing 26.  An actuator motor 28 is located at the arm's second end 24 for pivoting the arm 18 to position the recording head 22 over a desired sector or track of the disk 16. The actuator motor 28 and other structures of the disk drive 10 is controlled and regulated in part by a controller 30, which may be interfaced to an external controller (not shown).


[00034] FIG. 2 is a schematic side view of a perpendicular recording head 50 (which may be supported by a slider such as the slider 22 shown in FIG. 1) and a tilted magnetic recording medium 16 having a structure in accordance with one embodiment of the present invention.  The recording head 50 may include a writer section comprising a main write pole 52 and a return pole 54 that are magnetically coupled by a yoke 56.  The magnetization coil 55 surrounds the write pole 52 for energizing the recording head 50.    It will be appreciated that the recording head 50 may be constructed with a write pole 52 only and no return pole 54 or yoke 56 and that the magnetization coil 55 may surround the yoke 56 instead of the write pole 52.  The recording head 50 also may include a read head, not shown, which may be any conventional type read head as is generally known in the art.  The magnetic recording medium 16 is positioned adjacent to or under the recording head 50 and travels in the direction of the arrow A.  An air-bearing exists and separates the recording head 50 from the medium 16 by a small distance.

[00035] The medium 16 is schematically represented as having a layered structure, including a substrate 42, a soft magnetic underlayer 44, a seedlayer 38, a tilted magnetic layer 46 and a protective overcoat 48, in accordance with one embodiment of the present invention.  In the illustrated embodiment, the aforementioned layers are stacked (e.g., by deposition) in the sequence shown in FIG. 2.  However, it is contemplated that to the extent it is consistent with the features, functions and purpose of the present invention disclosed herein, some of the layers may be stacked in a different sequence not shown.  Intermediate layer or layers of materials (e.g., a buffer layer, a primer layer) may be present or provided between the layers mentioned.  The reference herein to one layer being adjacent to, above, below, on, or under another layer does not necessarily mean immediately adjacent to, above, below, on, or under, and does not preclude the addition of intermediate layer or layers.  Also, certain layer or layers disclosed herein may be omitted or replaced by other equivalent or different layer or layers of material.  Furthermore, one or more of the layer structures may include a multilayered structure having sub-layers that are made of same or different materials.  The layer structures shown need not be of a continuous structure (e.g., the magnetic layer may comprise a bit patterned tilted magnetic material, or a self assembled monolayer of tilted magnetic material).  The layers need not be of uniform thickness (e.g., a planarized layer of tilted magnetic layer).  Other variations may be implemented without departing from the scope and spirit of the present invention.

[00036] FIG. 2 also shows the magnetic flux 58 passing through the tilted magnetic layer 46 during a recording operation.  During the recording operation, the recording medium 16 is passed under the recording head 50, which moves relative to the medium in the direction indicated by arrow A.  A current is applied to the magnetization coil 55, which induces a magnetic flux 58 that is directed from the write pole 52 through the tilted magnetic layer 46 and the seedlayer 38, then back to the opposing pole 54.  The soft underlayer 44 provides a flux path, which directs the magnetic flux 58 back to the opposing pole 54 of the yoke 56.

[00037] The substrate 42 shown in FIG. 2 may comprise any suitable material for hard disks, such as rigid materials including ceramic glass, amorphous glass, Al, or NiP plated AlMg.  For floppy disks and magnetic tape applications, suitable flexible materials may be used for the substrate.  The soft magnetic underlayer 44 may comprise any suitable material such as, for example, alloys or multilayers comprising Co, Fe, Ni, Pd, Pt, Mn, Ir, Zr, B, N, Al, Nb, Ta or Ru, such as CoFe, CoFeB, FeAlN, NiFe, CoZrNb, CoNiFe, FeTaN, IrMn, PrMn.  The soft underlayer 44 may comprise one or multiple sub-layers of the same or different materials.  The protective overcoat 48 may include a diamond-like carbon layer.


[00038] In accordance with one embodiment of the present invention, a suitable material for the tilted magnetic layer 46 is a substantially L10 phase of a tetragonal crystalline alloy magnetic material that has a relatively high magnetic anisotropy at ambient temperature.  In a further embodiment of the present invention, the L10 crystalline alloys suitable for forming the tilted magnetic medium comprise a first element selected from the group consisting of Co and Fe, and a second element selected from the group consisting of Pt and Pd (e.g., L10 crystalline FePt, CoPt, FePd and CoPd).  Certain additional elements many be included in the magnetic alloys in a manner that does not alter the properties disclosed herein, without departing from the scope and spirit of the present invention (e.g., FeNiPt).  By way of example and not limitation, the presenting invention will be discussed in reference to FePt alloy.  In particular, the FePt alloy is a (101) or a (011) textured FePt thin film where the [011] direction (c-axis) alternates between +45( and -45( from the medium surface normal.  Textured crystals, as used in the art and as used herein, refers to the preferred alignment of crystalline directions, and the anisotropy in the characteristics (e.g., magnetic) of the crystals.


[00039] To aid in the understanding of the crystalline structure, reference is made to FIGS. 3a and 3b, which schematically illustrate the different orientations with respect to the substrate surface 62 (the intermediate layers in the recording medium 16 have been omitted for simplicity), for a face-centered tetragonal (fct) unit cell that makes up the crystalline structure of an L10 phase of FePt alloy.  In FIG. 3a, the FePt unit cell has its c-axis oriented parallel to the [001] lattice direction and is perpendicular to the surface plane 62 while its a-axis is oriented parallel to the surface plane 62.  In FIG. 3b, the c-axis and the a-axis of the FePt unit cell are both oriented 45( to the medium surface normal, which is oriented in the [101] lattice direction. In FIGS. 3a and 3b, the magnetic moments of the FePt unit cell are preferentially aligned along the c-axes.  In accordance with one embodiment of the present invention, the tilted magnetic layer 46 comprises L10 phase of magnetic alloys oriented in accordance with the crystalline orientation shown in FIG. 3b.


[00040] FIG. 4 is a diagram that schematically shows the alternating easy axes (e.g. magnetic directions) of the tilted recording layer 46 in a sectional view across the recording tracks 64 of a magnetic disk platter according to one embodiment of the present invention.  The view in FIG. 4 is across the recording tracks 64 that are in direction A.  For purpose of discussion, each recording track 64 is schematically shown as being three magnetic grains or particles 51 wide, although actual track widths may comprise more or less than three magnetic particles 51.  Each magnetic grain or particle may comprise a monocrystalline or polycrystalline structure, having easy axes aligned in the same direction.  In the simplified schematic shown in FIG. 4 (and also FIG. 5a to 5c), the soft underlayer 44, seedlayer 38 and the protective overcoat 38 are omitted.  The direction of the arrows in the magnetic particles 51 represents the magnetization direction of the magnetic particles 51.  The magnetic directions of the magnetic particles 51 in the recording layer 46 alternate between +45( and -45( to the medium surface normal, in a plane that is perpendicular to the recording tracks 64 on the recording medium 16.


[00041] FIGS. 5a to 5c illustrate the sequence of changes to the magnetization of the recording medium 16 according to one embodiment of the present invention.  The soft underlayer 44, seedlayer 38 and the protective overcoat 38 are omitted in these simplified schematic figures.  The drawings schematically show the magnetization reversal in the magnetic layer 46 when viewed across the recording tracks 64.  Reference numerals 81 and 84 shown in the drawing denote a data bit that is three magnetic particles 51 wide.  The direction of the arrows in the magnetic particles 51 represents the magnetization direction of the magnetic particles 51.  For purpose of illustration, at the initial stage, the magnetization direction in each magnetic particle 51 is set with its vertical component pointed upward.  By applying a magnetic field H (in the direction of arrow 83) to the medium 16, a magnetization transition is effected.  The medium 16 is moved in the direction of arrow A to record data along the tracks 64.


[00042] FIG. 5a represents the state of the recording structure in the absence of the applied magnetic field H.  The tilted magnetic directions of the data bit 81 are shown with their vertical component directed upward.


[00043] FIG. 5b represents the state of the recording medium 16 in the mid-stage of a data bit recording process.  Under the influence of the applied magnetic field H, the magnetic directions of the particles 51 composing the data bit 81 switch their directions.  As a result, the vertical components of their magnetization directions are reversed to the downward direction.  The data bits 86 in the adjacent recording track 84 are outside the area affected by the applied magnetic field H.  As a result, their magnetization directions remain unchanged.


[00044] FIG. 5c represents the state of the recording medium 16 after the recording process is completed and the applied magnetic field is removed from the recording medium 16.  The data bit 81 retains its new “downward” magnetization direction.  The result is a recording of a data bit to a tilted magnetic layer 46 through an applied external magnetic field.


[00045] For face-centered tetragonal FePt, the magnetic crystalline anisotropy value Ku is 6.6x107 erg/cc and the saturation magnetization (Ms) value is 1140 emu/cc resulting in an anisotropy field Hk value that is approximately 116 kOe (Hk = 2·Ku/Ms).  Therefore, the ratio of the demagnetization field (4·(·Ms) to the anisotropy field Hk for FePt is approximately 0.12.  This low ratio means that the demagnetization effect on the tilted angle is negligible for FePt and compares favorably to other popular recording material such as CoPt where the ratio is approximately 0.42 (4·(·Ms / Hk = 0.42 where Ku = 3 x 106 erg/cc, Ms = 450 emu/cc).


[00046] However, depending on the available operating parameters, it may be difficult to switch full ordered FePt by a conventional perpendicular head because of the ultra-hard magnetic properties of FePt, even when the magnetic directions of the FePt are tilted at 45( from the switching field. Therefore, it may be necessary to employ a heat-assisted magnetic recording (HAMR) head, which uses a laser, for example, to heat up the media to temporarily reduce the Hk of the media until it is below the writing field strength of the recording head. The other approach is to use another L10-phased material(s) with lower Hk value such as FePd, FeNiPt, MnAl, FeCuPt, FeAgPt, CoPt, CoPd, etc. These materials usually have Hk in the range of 15 to 40 kOe.


[00047] Depending on the magnetic material and the process, simply depositing a layer of (101) or (001) textured L10 crystalline FePt thin film onto the disk surface may not permit a tilted magnetic layer profile that is shown in FIG. 4.  In some circumstances, the outcome may be a magnetic layer with the magnetic directions (c-axes) randomly oriented along the surface of a cone that opens 45( from the medium surface normal.  Moreover, the ratio of the c-axes to the a-axes of the tilted FePt material is approximately 0.98 for bulk L10 phase FePt, which makes it difficult to differentiate the c-axes from the a-axes of the FePt material.  Consequently, (110) textured and (101) and (011) textured FePt will co-exist in the film resulting in only 2/3 of the c-axes of the FePt are in the film plane.  In the event of the presence of the aforementioned random magnetization angle profile, the recording density would be reduced.


[00048] Therefore, another aspect of the present invention is to provide a seedlayer to promote the formation (e.g., growth) of pure (101) or (011) textured magnetic alloy film.  In accordance with one embodiment of the present invention, the seedlayer provides interfacial stress to differentiate the (110) textured FePt film growth from the (101) or the (011) textured FePt film growth.  Since interfacial stress works best with very thin films (thickness < 10 nm), it is useful for forming L10 phase of FePt materials with very high magnetic crystalline anisotropy Ku, since it can be grown as a very thin film while retaining its effectiveness as a hard magnetic layer.


[00049] FIGS. 6a and 6b schematically illustrate a section of an L10 ordered phase unit cell of FePt along the (110) lattice plane and the (101) lattice plane, respectively.  The (101) plane shares the same lattice dimensions with the (011) plane.  The lattice dimensions of the (110) plane, on the other hand, are different from that of the (101) plane and the (011) plane.  Using the bulk value, the side ratio for an L10 crystalline FePt unit cell along the (110) plane is 5.460 Å /3.788 Å = 1.441.  The side ratio for an L10 crystalline FePt unit cell along the (101) or the (011) lattice plane is approximately 5.409 Å /3.861 Å = 1.401.  The side ratio for a non-distorted cubic structure such as body-centered cubic (bcc) or B2 is 

[image: image1.wmf]2


= 1.414.  Therefore, the side ratio for a non-distorted cubic structure is closer to the side ratio of either the (101) or the (011) plane of L10 crystalline FePt than the (110) plane of the same material.  As a result, if a material with a natural (110) texture and a side ratio close to 1.401 is deposited on to the surface as a seedlayer, (101) or (011) oriented grains of L10 crystalline FePt are more likely than (110) oriented grains of L10 crystalline FePt to grow on top of such seedlayer because the resulting arrangement will produce minimal interfacial stress.  In addition, the seedlayer 38 may be made using one or multiple sublayers comprising the same or different materials.


[00050] In one embodiment of the present invention, the seedlayer 38 is a continuous layer that comprises a material that has a bcc crystal structure, a natural texture of (110) and a side lattice dimension of between 2.7 Å to 3.4 Å.  For example, suitable bcc materials for the seedlayer include Nb (a = 3.301 Å), Ta (a = 3.298 Å), W (a = 3.165 Å), Mo (a = 3.165 Å), V (a = 3.023 Å) and Cr (a = 2.885 Å) and their alloys.  These materials may be deposited on the soft underlayer 44 using known process to maintain the (110) surface plane required to minimize the interfacial stress between the seedlayer and the (101) or (011) L10 crystalline FePt material.


[00051] In another embodiment of the present invention, the seedlayer is made of a material that has a B2 structure, a natural texture of (110) and a side lattice dimension of between 3.7 Å to 4.0 Å.  Such suitable B2 seedlayer materials include MgLa (a = 3.97 Å), MgCe (a = 3.90 Å), MgPr (a = 3.88 Å), LaAg (a = 3.814 Å), CeAg (a = 3.746 Å), PrAg (a = 3.739 Å), LaZn (a = 3.75 Å), CeZn (a = 3.3.70 Å), PrZn (a = 3.67Å), LaCd (a = 3.90 Å), CeCd (a = 3.86 Å), PrCd (a = 3.82 Å) and YAl (a = 3.754 Å).  These materials have a minimum temperature for the phase stablilization (Tmin) of approximately 200 ºC to 300 ºC and will form the B2 structure at room temperature.  An exception to this rule is MgPr which has a Tmin < 0 ºC.  Similar material may be used for the seedlayers for the other L10 crystalline magnetic alloys.


[00052] Thin L10 crystalline FePt film that is grown using known process on a seedlayer will have a (101) or (011) texture with its c-axes oriented 45º to the medium surface normal.  In one embodiment, the FePt film is a continuous alloy film formed on the seedlayer.  However, the c-axes remain randomly oriented along the surface of a cone that opens 45( from the medium surface normal.  Therefore, another aspect of the present invention is to promote growth of a magnetic recording layer that has the orientation of the c-axes in directions tilted with respect to the medium surface normal and along a plane that is perpendicular to the recording track directions on the disk platter.


[00053] FIG. 7 is a diagram showing a cross section of a tilted recording medium 16 that has been formed on a physically or mechanical textured substrate according to an embodiment of the present invention.  The protective overcoat 48 is not shown in this simplified diagram to maintain clarity.  One embodiment of the present invention is to use a textured surface having circumferential grooves 88 to promote the growth of a tilted recording layer 46 that has its magnetization directions tilted with respect to the disk platter and perpendicular to the recording track directions A.  (The circumferential grooves 88 are schematically represented by a hill-and-valley configuration.  The relative shape, size, and span of the textured grooves 88 in relation to other structure are exaggerated and not drawn to proportion in FIG. 7).  Using known process (e.g., magnetic disk surface texture processing, micro-scribing), annular or circumferential grooves 88 are formed on the substrate 42.  A soft underlayer 44 of suitable thickness is deposited on the modified substrate 42 and the surface morphology of this soft underlayer 44 replicates the directions and orientations of the grooves 88 on the surface of the substrate 42.  A seedlayer 38 is formed on top of the soft underlayer 44 and the morphology of the soft underlayer 44 causes the <110> direction of the seedlayer 38 to align in the radial direction.  Subsequently, when L10 crystalline FePt is deposited as the recording layer 46 on top of the seedlayer 38, the [101] or [011] of the L10 FePt will epitaxially match the <110> direction of the seedlayer 38.  As a result, the c-axes of the L10 crystalline FePt are approximately oriented either in +45º (in the [101] case) or -45º (in the [011] case) with the medium surface normal and along a plane that is perpendicular to the recording track directions (i.e., in the disk radial direction).  The grooves 88 at the surface of the substrate 42 may be formed with their peak-to-valley values ranging from 1 Å to 1 nm and their peak-to-peak (or valley-to-valley) dimensions ranging from 5 nm to 1 mm.  The groove density may be of the order of the track density, or higher.

[00054]  The processes for physically texturing disk substrates have been reported in many publications.  References may be made to  J.K. Lee, A. Chao, J. Enguero, M. Smallen, H. J. Lee, and P. Dion, “Effect of Disk Cross Hatch Texture on Tribological Performance” IEEE Trans. Magn. 28, 2880 (1992); B. Bhushan, “Magnetic slider/rigid disk substrate materials and disk texturing techniques – status and future outlook” ASME adv. Info. Stor. Syst. 5, 175 (1993); R. Ranjan, D. N. Lambeth, M. Tromel, P. Goglia and Y. Li, “Laser Texturing techniques for high performance magnetic disk drives”, IEEE Trans. Magn. 31, 2946 (1995); T. Matsudaira, K. Ishizaki, and C. Krishnan, “Effects of Disk microstexture on glide and modulation at ultra low flying heights” IEEE Trans. Magn. 26, 2429 (1990); and K. Ishizaki, “Texturing of glass substrate by microgrid method”, J. Magn. Soc. Jpn, 16, 78 (1992).  A suitable texturing process may be adopted, which may incorporate one or a combination of the processes disclosed in these references.

[00055] Even though an embodiment of the present inventions uses circumferential grooves 88 on the substrate surface 42 to facilitate the formation of desirable magnetic preferred orientations, it can be appreciated by one skilled in the art that the circumferential grooves may instead be created on the surface of the soft underlayer 44.  For example, a non-magnetic layer such as NiP may be plated on top of the soft underlayer 44.  Using known processes (e.g. mechanical textured processing or scribing), a series of circumferential grooves are formed on top of the non-magnetic layer prior to the deposition of the seedlayer 38.  When the seedlayer 38 is eventually formed on the “scribed” non-magnetic layer, the <110> direction of the seedlayer material will align in the preferred radial direction.  It is noted that as the layers build up on the substrate 42, the surfaces of each successive layer become more flat (i.e., each layer to some extent planarizes the layer below).  As a result, the seedlayer 38 presents a relatively flat surface for the formation of the magnetic layer 46.


[00056] Although an embodiment of the present invention uses mechanically formed circumferential grooves 88 to provide a texture on the surface of the substrate 42, it can be appreciated by one skilled in the art that other non-mechanical process may be used to create the textured lines on the surface of a substrate.  For example, photolithography or nano-imprint lithography may be used to create the circumferential line patterns and chemical etching may be used to create the textured lines.


[00057] The relative thicknesses of the seedlayer 38 and the tilted magnetic layer 46 and the choice of materials for these layers may be selected to obtain the necessary tilted magnetization angle in relation to the operating magnetic field of the write head 52 and the recording density to be achieved.  Further consideration may be given to the thickness and choice of the underlayer 44 and/or substrate 42.


[00058] By way of example and not limitation, for a tilted magnetic hard disk drive designed to achieve a data recording density of at least 150Gbits/cm2, it should utilize a write head that is designed to deliver a magnetic field of about H = 20 kOe at the tilted magnetic layer, which has a short time coercivity of at least Hc of 10 kOe, operating at an external ambient operating temperature of about 25°C, and an internal (at the inside of the drive housing) ambient temperature of about 75°C.  The various layers of the recording medium 16 may be formed by known conventional process steps, such as sputtering, deposition, coating, etc., which may also include the steps of polishing, lapping, laser texturing, washing, cleaning, heat treatment (e.g., annealing), etching, lithographic masking, etc.  The materials for the various layers and the thicknesses thereof for a 65 cm diameter hard disk platter (textured as described above) are set forth below:


		

		Material

		Thickness Range



		Soft Underlayer

		FeCoB

		20nm-1000nm



		Seedlayer

		CrW

		5nm – 100nm



		Tilted Magnetic Layer

		FeNiPt

		2nm – 50nm 



		Protective Overcoat

		Diamond like carbon

		1nm – 10nm





[00059] While particular embodiments of the invention have been described herein for the purpose of illustrating the invention and not for the purpose of limiting the same, it will be appreciated by those of ordinary skill in the art that numerous variations of the details, materials, and arrangements of parts may be made without departing from the scope of the invention as defined in the appended claims.


What is claimed is:


1.
A tilted magnetic recording medium, comprising:


a substrate; and


a magnetic film supported by the substrate, the magnetic film comprises a magnetic alloy having a magnetic easy axis defined by preferential tilted alignment of a crystalline phase of the magnetic alloy, wherein the magnetic easy axis is tilted relative to plane of the substrate and substantially perpendicular to recording tracks of the magnetic film.


2.
The tilted magnetic recording medium of claim 1, wherein the crystalline phase of the magnetic alloy is substantially L10 phase of a tetragonal crystalline magnetic alloy.


3.
The tilted magnetic recording medium of claim 2, wherein c-axis of the tetragonal crystalline magnetic alloy is oriented at an angle substantially 45º relative to plane of the substrate.  


4.
The tilted magnetic recording medium of claim 1, wherein the magnetic film comprises a film of substantially (101) and (011) textured L10 phase of a tetragonal crystalline magnetic alloy.


5.
The tilted magnetic recording medium of claim 1, further comprising a seedlayer supported by the substrate and adjacent the magnetic film, wherein the seedlayer having a crystalline structure that promotes the preferential alignment of the crystalline phase of the magnetic alloy in the magnetic film.


6.
The tiled magnetic recording medium of claim 5, wherein the seedlayer comprises a crystalline material having a natural texture and lattice parameters that closely match those of the crystalline phase of the magnetic alloy in the magnetic film.


7.
The tilted magnetic recording medium of claim 5 wherein the seedlayer and the magnetic alloy in the magnetic film creates interfacial stress to give rise to the preferential tilted alignment of the crystalline phase of the magnetic alloy in the magnetic film.


8.
The tilted magnetic recording medium of claim 7, wherein the crystalline material of the seedlayer has a substantially body centered cubic or B2 crystal structure.


9.
The tilted magnetic recording medium of claim 8, wherein crystalline material of the seedlayer has a natural texture of (110).


10.
The tilted magnetic recording medium of claim 7, wherein the interfacial stress gives rise to a film of substantially (101) and (011) textured L10 phase of the tetragonal crystalline magnetic alloy, whereby [101] and [011] of the L10 phase of a tetragonal crystalline magnetic alloy epitaxially match <110> direction of the seedlayer. 


11.
The tilted magnetic recording medium of claim 5, wherein the magnetic alloy comprises a first element selected from the group consisting of Co and Fe, and a second element selected from the group consisting of Pt and Pd.


12.
The tilted magnetic recording medium of claim 5, wherein the seedlayer is supported by a textured surface that promotes alignment of the seedlayer and subsequent growth of the magnetic alloy on the seedlayer so that the magnetic easy axis is tilted perpendicular to the recording tracks.  


13.
The tilted magnetic recording medium of claim 12, wherein the textured surface comprises circumferential grooves in a surface of the substrate.


14.
A data storage system, comprising:


a tilted magnetic recording medium as in claim 1;


a data recording head directing a magnetic field at the tilted magnetic recording medium; and


an actuator supporting and positioning the data recording head with respect to the tilted magnetic recording medium to effect data recording.


15.
A method of magnetic data recording, comprising the steps of:



providing a tilted magnetic recording medium as in claim 1;


providing a data recording head to direct a magnetic field at the tilted magnetic recording medium; and


supporting and positioning the data recording head with respect to the tilted magnetic recording medium to effect data recording.


16.
The method of claim 15, wherein the magnetic field is substantially perpendicular to plane of the substrate.


17.
A method of making a magnetic recording medium, the method comprising:


providing a substrate;


supporting a magnetic film on the substrate, wherein the magnetic film comprises a magnetic alloy having a magnetic easy axis defined by preferential tilted alignment of a crystalline phase of the magnetic alloy;


supporting a seedlayer on the substrate, adjacent the magnetic film; wherein the seedlayer comprises a crystalline material having a natural texture and lattice parameters that closely match those of the crystalline phase of the magnetic alloy in the magnetic film, 


wherein the magnetic easy axis is tilted relative to plane of the substrate and substantially perpendicular to recording tracks of the magnetic film.


18.
A magnetic recording medium made in accordance with the method of claim 17.


19.
A tilted magnetic recording medium, comprising:


a substrate, wherein the substrate has a textured surface;


a seedlayer supported by the textured surface, the seedlayer having a crystalline structure that promotes preferential alignment of a substantially L10 phase of a tetragonal crystalline magnetic alloy, wherein the textured surface promotes alignment of the crystalline structure of the seedlayer; and


a magnetic film supported by the seedlayer, the magnetic film comprises a substantially L10 phase of a tetragonal crystalline magnetic material, wherein crystalline structure of the seedlayer interacts with the L10 phase of the tetragonal crystalline magnetic alloy to give rise to a preferential tilted alignment of the L10 phase of a tetragonal crystalline magnetic alloy,


wherein the textured surface and the seedlayer effect tilted alignment of the L10 phase of the tetragonal crystalline magnetic alloy such that its magnetic easy axis is tilted relative to plane of the substrate and substantially perpendicular to recording tracks of the magnetic film.


20.
The tilted magnetic recording medium as in claim 19, wherein the magnetic film comprises a film of substantially (101) and (011) textured L10 phase of the tetragonal crystalline magnetic alloy, and wherein c-axis of the tetragonal crystalline magnetic alloy is oriented at an angle substantially 45º  relative to the plane of the substrate.


TILTED MAGNETIC RECORDING MEDIA

ABSTRACT

A tilted magnetic recording medium comprises a layer of magnetic material having a magnetic easy axis defined by tilted alignment of a particular crystalline phase of the magnetic material.  A film of (101) and (011) textured L10 phase of a tetragonal crystalline magnetic material has crystalline c-axes oriented 45º to the medium surface normal.  The L10 crystalline magnetic alloy comprises a first element selected from the group consisting of Co and Fe, and a second element selected from the group consisting of Pt and Pd.  A seedlayer comprising a bcc or B2 crystal structure with a natural texture of (110) creates interfacial stress with the magnetic layer, giving rise to a pure (101) and (011) textured L10 crystalline film.  A textured underlying surface facilitates preferential formation of the seedlayer and subsequent growth of the magnetic material to achieve tilted magnetic directions perpendicular to the recording tracks.


FIGURE 2
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